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ABSTRACT 
 
 Devils Lake (DL), a closed-basin lake in northeastern North Dakota of the USA, 
has risen 10 m since 1991 exhibiting a costly, lengthy and litigious water management 
wicked problem in the region. With nearly US $1.5 billion already spent in flood 
mitigation, DL is less than 2 m from its uncontrolled overspill to the nearby Sheyenne 
River, a tributary of the Red River of the North that connects to Lake Winnipeg in Canada. 
In this study, three important concerns related to DL water management are being 
addressed: (1) Are currently implemented outlets capable of mitigating potential risks 
posed by climate change? (2) Can land use management practices mitigate the long-term 
flood risk under changing climate? (3) Does DL water management, under uncertain future 
environmental changes, demand a new cooperative policy framework to avoid future 
conflicts?  It was found that the DL climate projections indicate overall rise in precipitation 
(2.7–3.4%) and temperature (0.4–4.0°C) in DL region for the next few decades resulting 
into 7.3–20.0% risk of DL overspill into the Sheyenne River in the absence of outlets. 
However, it was found that the assumed outlets running under the full capacity with 17.0 
m3/s of water pumped out of the lake are able to prevent the overspill even under the 
changed climate conditions. It was also found that the flood mitigation with economically 
feasible changes in land use  change the DL overspill risk to 5.0–21.1%, and therefore 
cannot  be considered an alternative to the outlet-based mitigation when used alone. Land 
use practices aimed at maximization of crop yield actually increase flood risks, while the
 xii 
scenarios maximizing the grassland conservation and alfalfa production are found to lower 
the surface runoff and overspill risks significantly. The survey of the regional stakeholders 
indicated concerns about a lack of climate change understanding, dominance of private 
land ownership, inadequate land conservation funding, and the absence of one ‘go-to’ 
organization with legislative power, which suggest that DL water management under 
aggravated environmental conditions will escalate further. Therefore, a new framework 
that fosters multi-actor, multi-scale consultation and collaboration- a green paradiplomacy 
is recommended for a long-term management of this wicked problem.  
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CHAPTER I 
INTRODUCTION 
Background 
The combined effects of climate and land use change have changed both the 
hydrology and management of watersheds globally. The impacts are most visible in 
endorheic (closed or terminal) lakes because of their confinement, with no natural outflow 
(de Martonne, 1927). Over the last few decades, water level fluctuations in closed lakes 
(e.g. Aral Sea, Caspian Sea, Lake Chad, Qinghai Lake, Mar Chiquita Lake, and Great Salt 
Lake) have led to adverse environmental and socioeconomic impacts (Cai et al., 2003; 
Renseen et al., 2007; Sebag et al., 2013; Luxereau et al., 2012; Li et al., 2007; Troin et al., 
2010; Mohammed et al., 2012). These impacts are projected to be amplified in the future, 
requiring broader research and collaborative mitigation efforts (IPCC, 2014). 
Devils Lake (DL), a terminal lake located in the northeastern part of the state of 
North Dakota, United States (US), exhibits a costly, lengthy and litigious water 
management issue in the region. DL, situated in the southern corner of a 9,800 km2 poorly 
defined closed drainage system within the Red River of the North Basin, has encountered 
a 10 m water level rise since 1991. With four fold increase in surface area (185 km2 to 772 
km2) and six fold increase in water volume (0.74 km3 to 4.4 km3), the rising DL inundated 
650 km2 of productive farmlands including more than 700 structures. This unprecedented 
rise in water levels has incurred nearly US $1.5 billion in costs for flood mitigation, 
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precipitated court cases, and engaged nearly five dozen federal, state and local entities 
including the Canadian Province of Manitoba over the last two decades. Initially, the 
problem of rising DL was perceived as a local and temporary flooding issue and dealt 
accordingly with short-term mitigation measures such as the raising of roads and levees. 
As the lake continued to expand, the local mitigation measures became inadequate. As a 
result, the US federal government stepped in with a plan to divert DL flood water through 
an artificial outlet. However, this federal outlet plan was opposed by stakeholders, notably 
the US state of North Dakota (ND) and the Canadian Province of Manitoba (MB). ND 
claimed that the federal outlet plan was expensive and slow, and proceeded with its own 
outlet plan. MB, on the other hand, argued that the federal outlet plan violated the 1909 
Boundary Waters Treaty (BWT) on inter-basin water diversion grounds. Also, MB and 
other stakeholders including the US state of Minnesota (MN) opposed the ND outlet plan 
citing downstream water quality and flooding concerns. ND’s unilateral decision to 
continue with the outlet amid oppositions from other stakeholders resulted in a court case 
in July, 2005 (Shalla, 2006). In August of 2005 a compromise was mediated by the federal 
governments of the US and Canada to tame the DL flood management dispute (hereafter: 
US-Canada 2005 Agreement) (Lamarre et al., 2005). Following the agreement, artificial 
outlets from DL serve as major flood mitigation strategy. These outlets drain DL flood 
water into the nearby Sheyenne River which connects to the Red River and flows into 
Canada. The primary purpose of these outlets is to restrict increases in DL water levels and 
prevent DL from uncontrolled overspill (DLB Joint Water Resource Board, 2013).    
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Justification of the Study 
Previous studies have attributed these prolonged DL water level fluctuations to the 
effects of long term climatic variability in the region (Bluemle et al., 1999; Haskell et al., 
1996; Johnson et al., 2005; Murphy et al., 1997). For example, a state-of-the-art stochastic 
model developed by Vecchia (2002) to forecast DL overspill potential only accounts for 
weather patterns, representative of current climate (assumes no change in climate), and 
ignores complex interactions between dynamic climatic variables and basin hydrologic 
processes due to changes in land use. Other studies have speculated on the negligible 
effects of land cover modifications and groundwater recharge on DL hydrology and water 
levels (Pusc, 1993; Swenson and Colby, 1955; Wiche et al., 1986). The effectiveness of 
the implemented outlets as means to manage DL water levels are supported with three 
successive studies (Vecchia, 2002, 2008 and 2011), none of which account for the effects 
of climate change.  
Water bodies such as Devils Lake that are situated within closed watersheds are 
extremely sensitive and vulnerable to changes in both climate and land use (Williams, 
1996; Meybeck, 2003). Like most of the Great Plains region, DL watershed shifted from 
almost entirely grassland in 1850 to predominately agriculture after 1950 (Ramankutty and 
Foley, 1999). DL basin has already lost more than 90% of native grassland and 50% of 
original wetland area to agriculture and other land uses. With over a dozen types of crops 
grown, soybean and spring wheat occupy more than 40% of the watershed. Corn footprint 
in the watershed has increased by five-fold since 2000. Other crops including beans, barley, 
canola, and sunflowers constitute about 15% of the watershed (USDA-NASS, 2008a). 
Apart from the known effects on ecology (Wright and Wimberly, 2013), such changes in 
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land cover are reported to alter basin hydrology (Villarini et al., 2011; van der Kamp et al., 
2003; Mao and Cherkauer, 2009). However, previous studies, while providing valuable 
insights, have not estimated the effects of land use change on DL hydrology and overspill 
risk. 
The issue of DL flood management is very complex, multijurisdictional and 
multifaceted (Paris, 2008), posing a serious challenge to policymakers. Some argue that 
the outlet-based DL flood mitigation policy is a ‘wicked problem’ (Gruszczynski and 
Michaels, 2014). Rittel and Webber (1973) characterized a ‘wicked problem’ as a unique 
problem engaging multiple stakeholders with varied knowledge levels, expectations, 
personal interests, values and ideologies resulting in conflicting/contradicting solutions. 
Solutions to the wicked problems, believed to be never ‘true or false’ but only ‘good 
enough’, require an extended or virtually unbounded time period to appraise the 
consequences and evaluate their efficacy. Therefore, they lack flexibility of ‘trial-and-
error’, making every solution significantly consequential. The uniqueness of the DL 
flooding issue can be explained in terms of the geomorphology of the DL basin (closed 
basin), the severity of the water level rise (nearly 10 m rise in two decades), associated 
mitigation costs (~ US $1.5 billion), and the involvement of multiple federal, state, 
provincial, local, and tribal stakeholders (nearly five dozens reported). Over the last two 
decades, ND policymakers have relied upon a ‘three-pronged approach’ to alleviate and 
mitigate this unique problem of DL flood management: upper basin water management, 
local infrastructure protection, and an outlet operation (DLB Joint Water Resource Board, 
2013). Although the implemented outlets have reduced the water levels in recent years, 
there are already reports of associated negative effects downstream (Haley, 2014). As of 
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2015, the lake is less than 2 m from the elevation at which it will overspill to the nearby 
Sheyenne River (444.4 m), with negative consequences for downstream water quality, 
biodiversity and infrastructure. Geological studies indicate multiple DL spillovers - at least 
twice during the past 4,000 years - with most recent spill between 800 and 1,200 years ago 
(Murphy et al., 1997). Such an overspill event could release more than 40% of the entire 
DL water (340–453 m3/s) uncontrolledly for days (Larson, 2012), destroying hydrological 
structures on the Sheyenne River and drowning multiple communities and farms in the Red 
River Valley in the USA and Canada.  
The outlets are assumed to slow down lake level rise and prevent potential 
catastrophic overspill. But these outlets are constrained by technical capabilities, such as 
outlet pumping capacity, environmental regulations, such as water quality and quantity 
standards, and the US-Canada 2005 Agreement. Key conditions of the agreement included 
the future construction of an advanced filtering system in the outlet and collaborative work 
among ND, Minnesota, Manitoba and the International Red River Board (IRRB) for the 
scientific investigation and development of a comprehensive shared risk management 
strategy for the entire Red River Basin (Paris, 2008). Future changes on DL water levels, 
induced by human and natural factors (for example, changes in climate and land 
management) leading to violation of the US-Canada 2005 agreement could potentially 
setback the decades-long progress and escalate the problem.  
Finding a right solution for wicked problems is virtually impossible (Balint et al., 
2011). However, wicked problems can be tamed or managed through non-traditional 
problem solving methods and outside-the-box solutions that include multidisciplinary 
understanding of the problem, collaborative stakeholder mechanisms, effective 
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communication, and consideration of uncertainties (Churchman, 1967; Conklin, 2006; Van 
Bueren et al., 2003; Palmer et al., 2007; Weber and Khademian, 2008; Lazarus, 2009). In 
the case of DL, the wickedness of the problem is further complicated by the transboundary 
nature of the issue, requiring involvement of stakeholders from two different countries (US 
and Canada) and compliance with the existing laws and treaties. Many scholars and experts 
argue that solving DL issue is beyond the scope of currently available legal tools, 
international water laws, and policy framework (Flanders, 2006; Ma et al., 2011). 
Therefore, it demands a new transformational policy framework, which includes 
subnational and local governments and other agencies for the sustainable management of 
the DL flood issue through cooperative projects, as evidenced in several other watersheds 
in North America and elsewhere (Flanders, 2006; Chaloux, 2010; Gruszczynski and 
Michaels, 2014).  
Research Objectives 
The major objective of the proposed research is twofold: (1) to investigate the 
combined and comparative impacts of climate change and land use change on the 
hydrologic processes of the Devils Lake basin and their effects on DL water levels, and (2) 
to suggest a policy framework for the long-term management of the DL basin under 
changing environmental conditions.  Specific objectives of the study are: 
i. To develop a model of the hydrological processes of the DL basin using Soil and 
Water Assessment Tool (SWAT). 
ii. To develop climate change scenarios for the DL basin and run model simulations 
to assess their impacts on DL overspill risks. 
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iii. To develop land use change alternatives and run model simulations to assess their 
associated impacts on DL hydrology.  
iv. To investigate the combined and comparative impacts of changes in climate and 
land use on DL hydrology and overspill risk. 
v. To conduct a survey among the stakeholders within the Red River Basin (RRB), 
including DL basin, to understand the mitigation effort and assess levels of 
cooperation between stakeholders in the basins. 
Research Questions 
The following important concerns related to DL water level rise and current 
mitigation efforts are being answered in this research: 
1. Are currently implemented outlets capable of mitigating potential risks posed 
by climate change? 
2. Can land use management practices mitigate the long-term flood risks under 
changing climate? 
3. Does DL water management, under uncertain future environmental changes, 
demand a new cooperative policy framework to avoid future conflicts? 
Research Methods 
SWAT (Arnold et al., 1998) is employed to model Devils Lake basin and to 
estimate the impacts of climate and land use changes on DL water level fluctuations. The 
model is calibrated and validated against daily United States Geological Survey (USGS) 
stream gauge records using the SWAT-CUP tool (Abbaspour, 2011). Four land use change 
alternatives in DL basin are developed using the projected crop prices and land use 
management incentive assumptions. Climate change scenarios are developed using a de-
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biased and downscaled projections of 15 General Circulation Models (GCMs) for three 
Special Report on Emissions Scenarios-SRES A1B, A2 and B1 (Nakicenovic and Swart, 
2000). Finally, a survey (phone interview and written) is conducted to understand the 
current DL flooding management situation and propose a ‘green paradiplomacy’ 
framework to resolve any potential conflict that may arise due to changing environmental 
and political conditions. The research objective is accomplished through the following 
research steps: 
i) Model development: Using SWAT, the DL basin is delineated into 12 sub-
basins and further divided into several hydrologic response units based on 
unique combinations of land use, soil types, and slope. Included model inputs 
are a USGS 10 m Digital Elevation Model, US Department of Agriculture 
(USDA) National Agricultural Statistics Service crop layer, USDA 
STATSGO/SSURGO soil map, and daily weather data for four stations 
extracted from USDA ARS. Model sensitivity to different parameters is 
conducted using the Latin-hypercube regression (McKay et al., 1979), available 
in SWAT-CUP (Abbaspour, 2011). Using the sensitive parameters, the model 
is calibrated and validated by comparing the SWAT simulated daily streamflow 
outputs against the observed streamflow data recorded at seven different USGS 
locations within the study area for varying time periods. The validated model is 
run for 22 years (1989–1990 for model warm up and 1991–2010 for reservoir 
simulation) to verify the predictive strength of SWAT reservoir in capturing DL 
water level fluctuations. Two matrices: (a) coefficient of determination (R2), 
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and (b) Nash-Sutcliffe Efficiency (ENS), which are commonly used in 
hydrological modeling, are used to evaluate model performance.  
ii) Climate projections: Future climate change projections are constructed for the 
DL basin through a downscaling and interpretation of the IPCC emissions 
scenarios (Nakicenovic and Swart, 2000). Using the 1981-2010 climate data as 
base climate, 15 GCM projections from the IPCC Data Center, and stochastic 
downscaling methodology (LARS-WG) (Semenov and Barrow, 2002) a 
synthetic ensemble of weather patterns representative of future climate for two 
pre-set time periods, 2020s (2011-2040) and 2050s (2041-2070), are generated 
and downscaled to a common grid cell size of 25 km. 
iii) Land use alternatives: A simple economic model is developed to generate 
economically feasible land use scenarios in the DL basin based on economic 
net return of different land uses. The employed economic model uses three key 
data, (1) crop yield, (2) crop price received by farmers, and (3) incurred 
management costs from various sources, to estimate net returns of multiple land 
uses within different soil types in the basin. 
iv) Model simulations: The validated DL hydrological SWAT model is run to 
simulate the impacts of climate change and land use change on DL hydrology 
and overspill probabilities. First, five different flood mitigation scenarios based 
on combinations of DL outlet pumping capacity (0–17 m3/s) are designed and 
run under historical and changed climate to estimate DL overspill probabilities. 
Second, the four land use alternatives are fed into the model one at a time and 
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run under both current and changed climate to observe their individual impacts 
on DL hydrology and overspill probabilities. 
v) Survey: A survey is conducted to understand how regional stakeholders are 
engaged and/or have plans to engage to resolve DL flooding issue under 
changing environment (e.g. climate, land use). For this, individuals were 
identified as having interests in DL flooding and its impacts on the Red River 
Basin as found in past reports, journal publications, news articles, and current 
or former membership on regional/local organizations are interviewed and their 
responses are analyzed. The rationale for this survey lies in the need for a new 
policy framework which includes collaborative effort to deal with 
environmental problems sensitive to multiple stakeholders in different political 
jurisdictions.  
Layout of Dissertation 
This dissertation is designed in a three-paper format. It consists of three publishable 
papers, each of normal journal article length (5,000–10,000 words), which accomplish 
research objectives and answer the research questions stated above. The remainder of this 
dissertation composes four chapters, with chapters 2, 3 and 4 representing each manuscript. 
To comply with University of North Dakota dissertation format, references used in all 
chapters are listed together at the end of the dissertation. 
Chapter 2 answers the first research question: are currently implemented outlets 
capable of mitigating potential risks posed by climate change? It provides details on how 
climate projections for DL are generated under multiple GCMs and IPCC SRES scenarios. 
It describes the rationale behind the development of flood mitigation scenarios using a mix 
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of DL outlet operations.  In overall, it summarizes the efficacy of outlets in the management 
of DL water levels under current conditions and changing climate scenarios. 
Chapter 3 describes the economic model and the method used to develop four 
economically feasible land use alternatives in the DL watershed to estimate their associated 
impacts on DL hydrology and overspill probabilities under both historical and changed 
climate. It provides explanation of how land use change can contribute to the mitigation of 
long-term flood risks in DL region. It highlights the potential role of grass and alfalfa lands 
in moderating hydrological impacts of future climate. In overall, this chapter answers the 
second research question: can land use management practices mitigate the long-term flood 
risks under changing climate? 
Chapter 4 examines how DL water level fluctuations, currently implemented flood 
mitigation strategies and policies, and potential future political and environmental 
challenges constitute a wicked problem. Using the results obtained from chapters 2 and 3 
(associated impacts of changes in climate and land use management on DL hydrology and 
water levels) and the survey, a need for a new management strategy called ‘green 
paradiplomacy’ is suggested as a potential policy framework for the long-term 
management of a combined DL watershed and Red River Basin.  
Chapter 5 summarizes this PhD research. It provides a summary of research 
outcome of each research question above. It outlines limitations of the current research and 
provides suggestions and recommendations for a future research direction. 
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CHAPTER II 
CONSIDERING CLIMATE CHANGE IN THE ESTIMATION OF LONG-TERM 
FLOOD RISKS OF DEVILS LAKE IN NORTH DAKOTA 
Introduction 
Hydrologic systems across the globe are highly sensitive to and affected by climate 
and land use change (Bouraoui et al., 2004; Gosain et al., 2006; Heuvelmans et al., 2005; 
Legesse et al., 2003; Rosenzweig et al., 2007). These modifications are probably the most 
visible in endorheic (also called terminal or closed) lakes, which are confined within the 
land with no outflow (de Martonne, 1927), as their levels only depend on the balance of 
water inflow, precipitation and evaporation (Bengtsson and Malm, 1997; Williams, 1996). 
Over the last few decades, significant fluctuations in lake levels due to the combined effect 
of climate change and human activities have been reported; however, no consistent global 
trend has been observed (Rosenzweig et al., 2007).  
In Central Asia, Bai et al. (2011) reported a nearly 50% reduction in the surface 
area of nine major lakes between 1975 and 2007. Among these nine lakes, the area of four 
endorheic lakes decreased by 56.7%; the largest decline was observed in the Aral Sea, 
where the area and volume decreased by over 75% and 90%, respectively, since the 1960s. 
The decline resulted in adverse impacts on the economy and on the health of millions of 
people in the region (Bai et al., 2011). The main driver of this decline is excessive irrigation 
water abstraction from two Aral Sea tributaries, Amu Darya and Syr Darya, primarily for 
booming cotton production (Cai et al., 2003; Kirilenko et al., 2008). In contrast, the level 
of the world’s largest lake, the Caspian Sea, located in the same region, has risen over 2 m 
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since the late 1970s due to changes in both the climate and land use (Arpe and Leroy, 2007; 
Renssen et al., 2007); the lake is projected to rise by an additional 0.8 to 1.6 m by 2100 
(Roshan et al., 2012). In North Africa, the area of Lake Chad has decreased by 94% since 
the 1960s (i.e., from 26,000 km2 to 1,500 km2) due to the changing climate and human 
activities (Luxereau et al., 2012; Okonkwo, 2010; Sebag et al., 2013). Currently, Lake 
Chad is on the verge of disappearing (Coe and Foley, 2001), which destructively affects 
the lifestyles of thousands of people in the region (Luxereau et al., 2012). In China, the 
largest lake, Qinghai, has declined by 3.35 m since 1959, which is mainly attributed to 
climate change (Li et al., 2007). In South America, the largest closed lake in Central 
Argentina, Mar Chiquita, increased in area by 250% (from 2,000 to 6,500 km2) between 
1970 and 2003, and it is now slowly receding (Piovano et al., 2002; Troin et al., 2010). In 
the USA, the Great Salt Lake, the fourth largest closed lake in the world, has been 
fluctuating by over 5 m since 1850; it reached its historically low level in 1963, gradually 
increased to its highest level in 1987, and then receding again (Mohammed et al., 2012). 
These lake level fluctuations, which are driven by changes in the climate and land 
management practices, led to significant negative ecological, economic, and social impacts 
in the region (Bedford, 2009).  
Compared to these widely publicized changes in terminal lakes worldwide, Devils 
Lake (DL) is not well studied, despite over US$1 billion in estimated costs of managing its 
recent water level increase (Noone, 2012). The lake’s hydrologic basin, which is 
approximately 9,800 km2 in area, is a poorly defined closed drainage system located in the 
USA Northern Great Plains region (Figure 1); the salty endorheic DL is located in the 
southern area. Since 1867, when the lake’s surface elevation was first measured by the 
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USGS at 438.3 m amsl, its level has been fluctuating. The lowest elevation of 426.9 m amsl 
was recorded in 1940 when the lake nearly dried up, and the highest elevation of 443.3 m  
Note: The shading shows the extent of DL prior to the beginning of major flooding, the 
extent approaching the flooding maximum, and the potential extent at the overspill level. 
 
was recorded in 2011. In 1999, DL exceeded the 441 m amsl elevation and joined the 
nearby Stump Lake. Currently, DL is approaching the critical elevation of 444.4 m amsl, 
at which point is overspills naturally into the Sheyenne River (Wiche, 1998), continuing 
through the Red River of the North and Lake Winnipeg to Hudson Bay. Since DL’s origin 
10,000 years ago, it has spilled into the Sheyenne River multiple times; the most recent 
spill occurred between 800 years ago and 1,200 years ago (Murphy et al., 1997).  
Figure 1. Devils Lake (DL) Watershed.  
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Previous studies have attributed the DL water level fluctuations to the effects of 
long-term climatic variability in the region (Bluemle et al., 1999; Haskell et al., 1996; 
Johnson et al., 2005; Murphy et al., 1997). Since the 1980s, the DL region has experienced 
a wet climate phase that has led to an unprecedented rise in DL water levels (Vecchia, 
2002). Other factors, such as groundwater recharge, land cover modifications and 
agricultural practices, that are reported as major drivers of the lake water level changes 
worldwide have negligible impacts on DL (Pusc, 1993; Swenson and Colby, 1955; Wiche 
et al., 1986).  
During the current surface water level increase, which started in 1991, DL’s water 
level has risen by 10 m (Figure 2), which has inundated nearly 650 km2 of agricultural 
lands, roads and bridges, state parks, American Indian tribal lands, and historical 
landmarks; it has also displaced surrounding communities. Two cities (Devils Lake and 
Minnewaukan) are directly threatened by DL flooding, while five other populated places 
(Cando, Starkweather, Churches Ferry, Warwick, and Crary) are affected by the flooding 
in the upper DL basin. Among these cities, Devils Lake is the largest with a population of 
over 7,000. The DL region is also home for nearly 6,700 American Indian. Along with 
other communities, the well-being of more than half of the Spirit Lake Tribe population, 
which is located on the southern shores of Devils Lake, is directly and severely affected by 
the multi-decade flooding through the loss of housing, businesses, employment, and other 
historical and cultural resources (Spirit Lake Tribe, 2010). In 1984, the US Army Corps of 
Engineers constructed a levee at an elevation of 440.5 m amsl (or approximately 5 m above 
the lake level) to protect the City of Devils Lake from flooding. Since then, the levee has 
been raised many times: to 442.1 m in 1996, 444.2 m in 1997, 445.1 m in 2007, and 447.0 
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m in 2012 (Larson, 2012). With the upgraded levee system, the City of Devils Lake is 
optimistically assumed to be fully protected up to the lake’s overflow elevation.  
Note: USGS-recorded DL water levels since 1970 compared with the Soil and Water 
Assessment Tool simulated water levels (1991–2010). 
 
The upper part of the DL watershed belongs to the prairie pothole region and 
features numerous smaller lakes and depressions. As depressions exceed their maximum 
water storage capacity, this area is also subjected to flooding, which increasingly affects 
the lands in the lower parts of the watershed. To protect the residential areas and 
infrastructure, new levees are being constructed and transport networks have been raised. 
While DL is located in a sparsely populated region (3.4 people/km2), mitigation efforts are 
estimated to total over US$1 billion. Despite the efforts to contain flood damages, the local 
economy suffers; an estimated US$200 million loss occurred in 2011 alone, primarily in 
agriculture (Aakre et al., 2011).  
At the overflow elevation of 444.7 m amsl, DL engulfs an area of approximately 
1,123 km2, which is twice its 562 km2 area prior to joining Stump Lake in 1999 (Figure 1). 
Figure 2. Observed vs. modeled DL water levels.  
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The related loss of the upper basin productive lands would inundate more than one-third of 
the basin and lead to enormous social, environmental, and economic costs. An uncontrolled 
spillover would release 40% of DL’s entire volume into the Sheyenne River at a sustained 
rate of 340–453 m3/s, which would destroy hydrological structures such as the Baldhill 
Dam on the Sheyenne River and drown multiple towns and farms in the Red River Valley 
in the USA and Canada (Larson, 2012). In addition to these negative impacts, the water 
spillage would cause channel erosion and sedimentation, water quality degradation, and 
potential introduction of invasive species into the downstream rivers (U.S. Army Corps of 
Engineers, 2003).  
To mitigate the DL flooding problem, the Devils Lake Basin Joint Water Resource 
Board has developed a “three-pronged approach”. This approach includes upper basin 
water management, infrastructure protection, and a water outlet to the Sheyenne River 
(DLB Joint Water Resource Board, 2013). Through the upper basin water management 
strategy, approximately 57 km2 of land has been restored and/or protected to increase water 
storage, and create wildlife habitat; approximately 53 km2 of wetlands are proposed for 
future restoration. Infrastructure protection defends people and property from flooding 
through raising and repairing transportation networks, building and upgrading levees and 
the salvage, relocation, demolition, rural acquisitions, and protection of existing structures. 
Finally, the outlets to the Sheyenne River prevent uncontrolled overspill to the Sheyenne 
River and reduce the water level to avoid potential massive flooding.  
The outlet operation strategy is justified in a pioneering modeling study by Vecchia 
(2002, 2008, 2011), which projected future DL water levels under the historical climate 
using a Markovian model. Ongoing climate change has the potential to cause significant 
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modifications to these earlier estimates, such as introducing additional pressure to 
hydrological alterations in the DL watershed and amplifying or ameliorating the DL water 
level fluctuations. We investigated the effects of future climate change on DL’s water 
levels and on the probability of DL overspill. For this purpose, a hydrological model of the 
DL basin was developed, which we ran with an ensemble of regionally downscaled CMIP3 
GCM integrations of future climate scenarios. Furthermore, we developed a set of 
mitigation scenarios based on various outlet management strategies and analyzed the 
effectiveness of early adaptation to the modified climate conditions through the water 
outlet operation.  
Methods and Data 
Methodology 
The analysis of hydrological changes in DL basin was based on a DL watershed 
simulation modeling. First, a DL watershed model was developed with the Soil and Water 
Assessment Tool (SWAT) (Arnold et al., 1998). Then, the model was calibrated using 
stream gage and weather data. Next, model sensitivity was analyzed and the model was re-
calibrated in respect to the most sensitive parameters. Finally, the model was validated 
using the stream gage and weather data for another time period. 
Two sets of scenarios were developed for the analysis of climate change impact on 
DL watershed hydrology. The climate change scenarios were developed based on a 
statistical ensemble of downscaled CMIP-3 projections from 15 General Circulation 
Models (GCMs). The flood adaptation scenarios describe alternative flood management 
strategies. The impacts of climate change on DL flooding were studied based on SWAT 
simulations using combinations of the climate change and flood management scenarios. 
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The details of modeling methodology, data, and scenarios (Figure 3) are provided in the 
following sections.   
Note: DL watershed model development and coupling with downscaled GCM ensembles 
to estimate future lake overspill probabilities for different mitigation scenarios. 
 
Hydrological Model 
We developed a model of DL watershed using SWAT (Arnold et al., 1998). SWAT 
is one of the most frequently used tools in hydrological research; it is applied for assessing 
modifications in many watersheds throughout the world in response to regional changes, 
e.g., climate change (Arnold et al,. 1998; Neitsch et al., 2011), over various scales and 
environmental conditions (Gassman et al., 2007; Chang 2003; Fontaine et al. 2001; Lee 
and Chung 2007; Mango et al. 2011; Nejadhashemi et al. 2011; Wu and Johnston, 2007). 
SWAT is a physically explicit and spatially distributed model that can account for fine-
scale watershed heterogeneity in soils, topography, land use, weather, runoff, infiltration, 
and evapotranspiration; it can simulate smaller water bodies (e.g., ponds or wetlands), large 
lakes and reservoirs.  
Figure 3. Flow chart summarizing research methodology.  
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The hydrologic processes in SWAT are separated into land and routing 
components. The land component controls sub-basin loadings of water, sediments, 
nutrients, and pesticides to the main channel based on a mass balance approach. The 
routing component facilitates the calculation and transportation of water, nutrients, and 
sediments to the watershed outlet using either a variable storage coefficient method 
(Williams, 1969) or the Muskingum routing method (Brakensiek, 1967; Overton, 1966). 
The surface runoff is calculated by using either the Soil Conservation Service Curve 
Number (CN) method or the Green and Ampt (1911) infiltration method with a daily or 
sub-daily time step. Potential evapotranspiration is estimated using the Priestly-Taylor, 
Pennman-Monteith or Hargreaves method (see Arnold et al., 1998 for details). We modeled 
DL as a reservoir with a water balance defined by direct rainfall, lake evaporation, and 
water inflow from the upper basin to the main channel. The most important processes 
involved in modeling the DL hydrology thus included (1) estimation of potential 
evapotranspiration from the watershed using the Hargreaves method, (2) calculation of 
surface runoff using a modified CN method, and (3) routing of water into the main channel 
and reservoir using a variable storage coefficient method. 
Watershed Data 
SWAT requires the following input data: digital elevation model (DEM), land use 
map, soil map and weather variables (Table 1). We delineated the DL watershed and 
separated it into 12 sub-basins by considering the associated topographic parameters, such 
as overland slope, slope length, rate of movement and direction of flow for each sub-basin. 
For this purpose, we used a 10 m resolution USGS DEM that has been shown to generate 
accurate watershed boundaries, stream networks, sub-basin classification, and model 
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outputs in SWAT (Chaubey et al., 2005; Lin et al,. 2010) and other hydrological models 
(Vaze et al., 2010). The USDA National Agricultural Statistics Service (NASS) 2008 crop 
layer was used to define land use and related parameters. Soil types and hydrologic 
properties were extracted from the USDA STATSGO database 
(http://water.usgs.gov/GIS/metadata/usgswrd/XML/ussoils.xml). Finally, the basin was 
classified into three slope classes (0-2%, 2-5%, and  over 5%) and overlaid with land use 
and soil maps to generate 1,130 unique hydrologic response units (HRUs) that are assumed 
to be homogeneous.  
Table 1. Input data for Devils Lake basin model. 
Data Type Description Resolution Source 
Topography Digital Elevation Model (DEM) 10 m USGS 
Land use 2008 land use classification   60 m USDA NASS 
Soil STATSGO soil types 250 m USDA NRCS 
Weather Daily precipitation, maximum and 
minimum temperature & solar 
radiation 
4 stations USDA ARS; NCEP 
CFSR 
http://globalweather.tamu
.edu/ 
 
Calibration, Validation and Sensitivity Analysis 
We evaluated the model performance by comparing SWAT simulated daily 
streamflow outputs against the observed streamflow data recorded at seven different 
USGS-managed river water gauge locations within the study area. Since the early 1990s, 
DL has experienced a water level rise; thus, it presents a good opportunity to test the model 
robustness in capturing the lake’s nonlinear dynamics. Accordingly, we selected the 1989–
2010 period for model calibration and validation. The 1989–1990 period was used for the 
model warm up. Accounting for gaps in the observational data, the 1991–2010 calibration 
and validation period was represented with four gauges, the 1991–1998 period with two 
gauges, and the 1998–2010 period with one gage (Table 2).  
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Table 2. Model performance results.  
 
USGS Stations 
Model Performance 
Calibration Validation 
R2 ENS R2 ENS 
Mauvais Coulee 0.62 0.55 0.60 0.54 
Edmore Coulee 0.77 0.76 0.75 0.75 
Edmore Coulee Tributary 0.64 0.64 0.57 0.55 
Little Coulee 0.71 0.59 0.72 0.61 
Starkweather Coulee 0.62 0.57 0.70 0.70 
Big Coulee 0.65 0.61 0.70 0.66 
Channel A 0.66 0.66 0.70 0.70 
Note: Calibration and validation of DL watershed model at seven USGS streamflow gauge 
locations within the watershed. 
 
The sensitivity analysis was conducted using the Latin hypercube parameter 
sampling method (McKay et al., 1979), which was implemented in the SWAT-CUP 
automatic sensitivity analysis tool (Abbaspour, 2014). We found that the model is highly 
sensitive to changes in parameters that characterize snow dynamics, evapotranspiration, 
water routing, surface runoff, soil water capacity, and groundwater. These sensitive 
parameters were re-calibrated using the SWAT-CUP Sequential Uncertainty Fitting SUFI-
2 algorithm (Abbaspour, 2014). Then, the model validation was conducted by comparing 
independent sets of simulated and observed daily streamflow records for each station using 
common hydrological modeling statistical parameters: the coefficient of determination 
(R2), and Nash-Sutcliffe model efficiency coefficient (ENS) (Nash, Sutcliffe 1970). Table 
2 summarizes the model performance for the calibration and validation time period. We 
found that for each stream used for the model validation, both the R2 and ENS values were 
greater than 0.5 (Table 2). In a comparable hydrological study, Saleh et al., (2000) 
suggested that ENS values that exceed 0.65 convey excellent model performance. Overall, 
we concluded that our model performed very well. 
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Climate Change Scenarios 
Due to its size, the DL basin requires observational data from multiple 
meteorological stations to accurately represent the climate. Daily precipitation and 
minimum and maximum temperature observations for four meteorological stations inside 
the DL watershed were extracted from the USDA ARS database (http://ars.usda.gov). 
Daily solar radiation data was obtained from the National Centers for Environmental 
Prediction Climate Forecast System Reanalysis (http://globalweather.tamu.edu/). Over the 
past 60 years, the annual precipitation in the watershed varied between 270 and 705 mm, 
with an average of 455 mm. The average annual temperature ranged from 0.8 ̶ 6.4°C, with 
an average of 3.6°C (Figure 4). A slight warming occurred during this period, in which the 
mean annual temperature increased from 3.26°C in 1951–1980 to 3.73°C in 1991–2010; 
this growth was almost entirely due to the warmer cold period (November–April), in which 
the mean temperature increased by 1.24°C (compared to 0.19 °C during the warm period 
of May–October). Over time, the region has become significantly wetter. The annual 
precipitation has increased by 25.4 mm/decade on average and accelerated to 45.8 
mm/decade over the past 30 years. The annual amount of precipitation increased from 417 
mm in 1951–1980 to 531 mm in 1991–2010. In absolute values, the precipitation increased 
twice as fast during the warm period than during the rest of the year; however, due to the 
unequal distribution of precipitation (0.40 mm/day during the cold period vs. 1.52 mm/day 
during the warm period), the cold period precipitation increased by 53%, whereas the warm 
period precipitation increased by only 26%. These changes in precipitation and temperature 
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can affect daily surface runoff (Jha et al., 2006) and are thought to be the major driver of 
the water level rise of DL. 
The impact of climate change on the hydrology of the region was estimated for two 
periods (i.e., the 2020s and 2050s) using downscaled GCM projections. GCMs are known 
to have significant uncertainties (Arnell et al., 2004) due to e.g., coarse resolution, the 
biases in individual GCMs, and differences in radiative forcing linked to emission 
scenarios. We account for GCM biases and differences in radiative forcing by using an 
ensemble of GCM projections run under multiple emission scenarios (Faramarzi et al., 
2013). We used an ensemble of projections from 15 CMIP3 GCMs: CSIRO-MK3.0, 
CGCM3.1 (T47), FGOALS-g1.0, CNRM-CM3, IPSL-CM4, ECHAM5-OM, MRI-
Figure 4. Historical change in DL water levels, precipitation, and temperature (1950–2010) 
in the DL watershed. 
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CGCM2.3.2, BCM2.0, INM-CM3.0, HadCM3, HadGEM1, GFDL-CM2.1, GISS-AOM, 
PCM, and CCSM3, run with three commonly used socioeconomic scenarios: SRES A1B, 
B1, and A2 (Nakicenovic and Swart, 2000). We selected the CMIP3 integrations over the 
newer CMIP5 integrations that employed a new representative concentration pathways 
(RCP) set of scenarios because of the availability of detailed SRES storylines, which are 
used in the land use change model of the DL region that is currently under development. 
Due to the gaps in CMIP3, we were unable to extract the full 45 member ensemble for each 
time period and instead used a 35-member ensemble. To account for GCM biases, the 
projections were statistically downscaled with the LARS-WG stochastic weather generator 
(Semenov and Barrow, 2002); the 1981–2010 observations were used for characterizing 
the current climate. Furthermore, to account for the climate variability, the weather samples 
were grouped into 1-year periods and then reshuffled multiple times. Overall, we generated 
1,400 30-year weather samples for the 2020s and 2050s climate. Quality control of 
synthetic weather data was done for the temperature and precipitation series for 
meteorological station 322525 (Edmore). The two-sample Kolmogorov-Smirnov test was 
used for distributions of daily rain volume, seasonal wet/dry series, and daily min and max 
temperatures and did not disprove that that the synthetic data and observed values came 
from the same distribution. The distribution of precipitation over months had a moderate 
bias up to 17% in April with negligible bias (1%) for annual amount of precipitation.  
Similarly, monthly synthetic minimum and maximum temperatures had a moderate bias up 
to 1˚C with negligible bias (below 0.2˚C) for the annual mean of minimum and maximum 
daily temperatures.   
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Table 3. Summary of climate projections.  
 Precipitation (mm/day) Temperature (°C) 
GCMs 2020s 2050s 2020s 2050s 
 A1B A2 B1 A1B A2 B1 A1B A2 B1 A1B A2 B1 
BCM2.0 1.36  1.37 1.47  1.53 4.04  4.03 5.54  4.76 
CGCM3.1 1.40   1.47   4.45   5.67   
CNRM-CM3 1.33 1.37  1.39 1.35  4.57 4.19  5.67 5.72  
CSIRO-MK3.0 1.37  1.35 1.32  1.37 3.99  3.87 5.09  4.84 
FGOALS-g1.0 1.37  1.40 1.31  1.40 3.83  4.01 5.49  4.70 
GFDL-CM2.1 1.37 1.41 1.45 1.44 1.38 1.39 4.26 4.16 4.00 5.93 5.45 5.23 
GISS-AOM 1.43  1.41 1.45  1.44 4.21  4.20 5.46  5.20 
HadCM3 1.38 1.42 1.40 1.42 1.40 1.38 4.36 3.94 3.90 6.16 5.53 5.29 
HadGEM1 1.42 1.42  1.41 1.33  4.38 4.49  7.40 7.18  
INM-CM3.0 1.44 1.41 1.44 1.39 1.47 1.43 4.49 4.22 4.21 5.78 5.73 5.48 
IPSL-CM4 1.46 1.46 1.40 1.39 1.30 1.39 4.37 4.26 4.42 6.66 6.54 5.90 
MRI-
CGCM2.3.2 
1.40  1.40 1.37  1.31 4.59  4.77 7.21  6.56 
ECHAM5-OM 1.41 1.39 1.39 1.32 1.39 1.46 4.11 4.14 4.03 6.29 5.36 5.07 
CCSM3 1.38 1.37 1.33 1.53 1.36 1.41 4.65 4.77 4.47 6.34 6.27 5.27 
PCM 1.38 1.43  1.57 1.54  4.05 3.94  5.42 5.09  
Mean 1.39 1.41 1.39 1.42 1.39 1.41 4.29 4.23 4.17 6.01 5.87 5.30 
Baseline ------------------- 1.36 ------------------- ------------------- 3.45 ------------------- 
Change 0.03 0.05 0.03 0.06 0.03 0.05 0.84 0.78 0.72 2.56 2.42 1.85 
% Change 2.21 3.68 2.21 4.41 2.21 3.68       
 
Note: Baseline and future climate projections for the DL basin, averaged across four 
meteorological stations within the region. Future climate represents a mean of downscaled 
integrations of 15 CMIP3 GCMs. 
 
The future climate projections are summarized in Table 3. All GCMs project a 
substantial increase in the annual mean temperature by 0.4–1.3 °C in the 2020s and 1.3–4.0 
°C in the 2050s compared to the 1981–2010 baseline. No substantial difference was 
observed between the scenarios in the 2020s. A significantly higher 2050s temperature 
occurred under A1B and A2; the difference between the scenarios was as large as 1.9°C. 
Precipitation is projected to increase by 2.7% and 3.4% on average in the 2020s and 2050s, 
respectively; the variations between the individual GCMs are as high as -2.2% to +7.4% in 
the 2020s and -4.4% to +15.4% in the 2050s. The combination of the higher temperature 
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leading to increased evapotranspiration and the somewhat increasing precipitation presents 
difficulties in estimating the overall modification to the DL water level related to climate 
change. 
Flood Mitigation Scenarios 
In an effort to prevent an uncontrolled DL spill to the Sheyenne River, the North 
Dakota Water Commission Board approved construction and operation of artificial DL 
outlets (U.S. Army Corps of Engineers, 1996). In 2005, the first West End outlet was 
constructed; since 2006, this outlet has been operating intermittently. In the summer of 
2012, a new East End outlet began operation. The West End and East End outlets have 
peak pumping capacities of 7.1 m3/s and 9.9 m3/s, respectively, and can only be operated 
when the DL water elevation exceeds 440.7 m. Vecchia (2011), using a simple Monte Carlo 
model, estimated that these outlets significantly reduce the water overspill risks from 45% 
to 18%, but they are still ineffective in preventing emergency overspill. However, this 
estimation of the outlet efficiency assumed no change in the regional climate. Furthermore, 
the construction of the outlets was subjected to prolonged legal and political controversies, 
including international disputes with Canada over the concerns of the transfer of pesticides, 
other pollutants, and invasive species through the outlets (Flanders, 2006).  
Accounting for the existing water management challenges, we developed five 
scenarios of outlet operations combined with the scenarios of climate change (Table 4). 
The no-outlet scenarios emulates the unmitigated dynamics of the DL water level under 
the current climate (scenario 1), which is comparable to that of previous studies (Vecchia, 
2002, 2008, 2011) and under the modified climate (scenario 2). The optimal outlet 
operation scenario 3 represents the outlets running at 55% capacity, which mimics the 2012 
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schedule. In emergency scenario 4, the outlets run at full capacity. Finally, the hypothetical 
early intervention scenario 5 assumes the outlet operations started in 1991 and follow the 
schedule of scenario 3. 
Table 4. Scenarios of climate change and flood mitigation.  
 
Scenario Climate 
change 
Outlet 
operation 
Note 
1 No No operation Baseline scenario under current climate 
2 Yes No operation Baseline scenario with climate change 
3 Yes 55% capacity 2012 outlet operation schedule 
4 Yes 100% capacity Full capacity operation schedule (17 m3/s May ̶ 
October) 
5 Yes 55% capacity Hypothetical early intervention under scenario 
3 schedule 
 
Note: Scenarios 1 and 2 assume no flood management and are run under the historical 
(scenario 1) and future (2) climates. Scenario 3 is business as usual flood mitigation. 
Scenario 4 is peak capacity water pumping. Scenario 5 is early (1991) start of flood 
management. 
 
Results 
Three elevation levels of DL are critical for flood management: 441.0 m, 443.3 m, 
and 444.4 m amsl. At 441.0 m, DL naturally overspills to the neighboring Stump Lake, 
which increases its area by 13%. The 443.3 m level was the highest elevation achieved by 
DL in June 2011; the computations of flood damages are based on this elevation. Finally, 
at 444.7 m, the lake would overspill naturally into the Sheyenne River through Tolna 
Coulee; this elevation is reduced to 444.4 m with the proposed cleaning of Tolna Coulee. 
Using the scenarios discussed previously, we generated 46,219,950 values of the potential 
DL water volume for the 2050s, 2020s, and current climate, which were converted into 
lake elevation using DL’s elevation-volume relationship (U.S. Geological Survey, 2013). 
The lake elevations were then used for computing the empirical cumulative distribution 
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functions (CDFs) for the DL volume under different scenarios of climate drivers and 
mitigation options. Finally, CDFs were applied to estimate DL overspill probabilities.  
In scenario 1, we modeled DL dynamics for the past climate (1981–2010) with no 
artificial outlets. This resulted in a 1.0% overspill probability at the elevation of 444.4 m 
amsl (Table 5). However, the probability of DL exceeding the major flood elevation of 
443.3 m is very high (72.0%), as the average lake elevation is 442.8 m amsl. Under a 
modified climate with no lake outlets (scenario 2), the 2020s overspill probabilities 
increased dramatically to 10.3%, 20.0%, and 15.0% for the A1B, A2, and B1 scenarios 
respectively; slightly lower probabilities were computed for the 2050s climate (7.3%,  
8.3%, and 8.6% respectively). Moreover, under the most extreme GCM integrations, the 
overspill probability increased up to 85.0% for the 2020s (IPSL-CM4 under the A1B 
scenario) and up to 95.0% for the 2050s (PCM under the A1B scenario). These high 
overspill probabilities were triggered by the substantial future increases in regional 
precipitation (by 7.4% in the 2020s for IPSL-CM4 under A1B, and by 15.4% in the 2050s 
for PCM under A1B).  
Flood mitigation via outlet operations significantly modifies the probability of DL 
spillover to the Sheyenne River hydrological system. In the business-as-usual scenario 3, 
the outlet operation is limited to 55% of the full potential pumping capacity of the pumps, 
which accounts for maintenance, weather, and water quality related operational limitations 
(see the discussion section that follows). This scenario roughly represents the 2012 outlet 
operation schedule, in which approximately 0.2 km3 of water is drained annually. Scenario 
4 is a hypothetical emergency schedule in which both outlets operate at full capacity; 0.36 
km3/yr is potentially drained. Finally, scenario 5 is a hypothetical early intervention 
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scenario in which the outlets operate at 55% capacity when the lake level exceeds 440.7 m 
amsl since the start of the major flood in 1991.  
Table 5. Model simulations results under flood mitigation scenarios.  
Time 
Perio
d 
SC 
Mean DL level (m) 
Probability to exceed 
major flood level (443.3 
m)  
Worst GCM  overspill 
probability (444.4) 
Overall overspill 
probability (444.4 m) 
A1B A2 B1 A1B A2 B1 A1B A2 B1 A1B A2 B1 
Base 1 ----442.6---- ---72.0--- - ---1.0--- 
2020s 2 442.6 442.8 442.7 81.0 83.3 84.5 85.0 75.0 85.0 10.3 20.0 15.0 
3 440.9 441.0 441.0 18.7 21.7 17.7 0.0 5.0 0.0 0.0 0.6 0.0 
4 440.7 440.8 440.8 11.3 14.4 7.7 0.0 0.0 0.0 0.0 0.0 0.0 
5 440.6 440.7 440.7 4.7 7.8 4.5 0.0 5.0 0.0 0.0 0.6 0.0 
2050s 2 441.7 441.5 442.1 42.3 34.4 61.8 95.0 70.0 85.0 7.3 8.3 8.6 
3 440.4 440.2 440.6 10.7 5.6 20.0 0.0 0.0 0.0 0.0 0.0 0.0 
4 440.2 440.1 440.4 5.3 2.2 11.4 0.0 0.0 0.0 0.0 0.0 0.0 
5 440.1 440.0 440.3 2.7 0.6 2.7 0.0 0.0 0.0 0.0 0.0 0.0 
 
Note: Devils Lake mean level (m) and overspill probability (%) under different flood 
management scenarios (SC), under historical or changed climate and probability of 
exceeding the recent peak flood level in 2011. 
 
We found that even the business-as-usual outlet operation reduces the risk of DL 
overspill to one tenths of a percentage point, even in the worst case scenario (Table 5). If 
both outlets operate at full capacity (scenario 4), then the lake level decreases on average 
by approximately 1.9 m in the 2020s and by another 1.5 m in the 2050s, bringing it to 
below the elevation that causes an overspill into Stump Lake. Moreover, early flood 
management intervention through the continuous operation of outlets (scenario 5) at the 
time of the accelerated water level increase could have significantly reduced the future 
overspill risks and current flooding extent, lowering the lake elevation by approximately 
0.9 m by the end of 2010. Nevertheless, regardless of any combination of outlet and climate 
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conditions, the average lake level was likely to exceed the 441.0 m flood level. Figure 5 
summarizes the computed probabilities for DL overspill for the 2020s climate. 
Note: Probability of DL water level exceedance in a given year (percentage) for the 2020s 
based on the historical climate (scenario 1) and the changed climate without mitigation (2), 
with the BAU outlet operation (3), with the peak capacity outlet operation (4) and with the 
early intervention scenario (5). The horizontal lines show the maximum lake levels reached 
in 2011(443.3 m) and the overspill levels (444.4 & 444.7 m). 
 
Discussion 
The North Dakota State Water Commission decision-making process on DL water 
management was supported with three successive studies by Vecchia (2002, 2008 and 
2011); each study presented radical differences in the estimated overspill risks. The studies 
simulated DL’s water balance with a multiple linear regression by fitting the observed lake 
level to the lake’s evaporation, precipitation over the lake, and surface water inflow. 
Figure 5. Exceedance probability of DL water levels.  
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Independent variables, in turn, were simulated with a Markov chain model that generated 
10,000 monthly values for precipitation, evaporation, and DL inflow to emulate the climate 
variability. The DL water balance model was then used to generate the probability 
distribution function for the lake elevation levels. The model’s estimates of overspill are 
highly variable. In the absence of water outlets, Vecchia (2002) reported a 10% risk of DL 
overspill to the Sheyenne River by 2050. The updated model (Vecchia, 2008) reported only 
a 5% overspill probability by 2040. Finally, the latest publication indicated an extremely 
high 44.7% overspill probability by 2030 and a 16.9–18.9% overspill probability with 
water outlets (Vecchia, 2011).  
Our estimates of a 7.3–20.0% overspill probability without outlets are somewhat 
higher than Vecchia’s (2002, 2008) earlier results but are twice as low as the latest Vecchia 
(2011) simulations. There are several possible sources for these discrepancies. First, while 
Vecchia used an empirical model of the lake, we were using a physically based 
hydrodynamic model of the entire DL watershed. We believe that this factor can be very 
significant in the Prairie pothole region where DL is located. A significant area of the DL 
watershed is represented by depressional wetlands; numerous small lakes and potholes are 
estimated to cover an area of approximately 1,352 km2 and to store 1.04 km3 of water (West 
Consultants, 2001). These wetlands act as a sponge by storing snowmelt and rain water to 
further depress water flow through the basin, increase runoff travel time, and enhance 
evapotranspiration. As a result, the lake level is dampened in response to extreme 
precipitation, which is unaccounted for in the empirical model.  
The second factor relates to assumptions of the future climate. Vecchia (2011) 
assumed that the regional pattern of increased annual precipitation along the Great Plains 
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corridor since 1980 (Hoerling et al., 2010) will extend to the following 10–60 years 
(Vecchia, 2008). Consequently, future precipitation, lake evaporation, and inflow data 
were generated using a floating baseline climate: 1980–1999 in Vecchia (2002), 1980–
2006 in Vecchia (2008) and 1981–2009 in Vecchia (2011). Some of these fluctuations in 
the projections of DL overspill may be due to the floating baseline period. We suggest that 
an ensemble of statistically downscaled GCM integrations driven by the changes in 
radiative forcing is more reliable in simulating future climate conditions than an arbitrarily 
selected pattern of the historical climate.  
However, the smaller projections of DL overspill in our model compared to those 
in Vecchia (2011) may be at least partially due to the consideration of the change in air 
temperature, which reduces the effect of enhanced precipitation. While the majority of the 
GCMs project a small precipitation increase, consistent with Vecchia’s (2011) 
assumptions, the consistently higher temperatures (Table 3) should increase the lake water 
evaporation and lower DL directly. Higher temperatures also control the lake level 
indirectly by increasing evapotranspiration in the DL basin and reducing water inflow into 
the lake. Additionally, longer warm periods reduce snow accumulation; thus, smaller 
spring pulses of water into the lake further reduce the effect of enhanced precipitation. 
Finally, the air temperature dictates the seasonality of the outlet operation. Currently, the 
outlets can operate from April–May until October–November, depending on the weather 
conditions; a warmer climate would extend the operation schedule and further decrease the 
water level.  
The 7.3–20.0% lake overspill probability in the absence of outlet operations clearly 
presents an unacceptable risk given the potential damage to the environment and 
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downstream communities. An uncontrolled influx of salty water from the combined DL 
and Stump Lake into the Sheyenne River would flood downstream farms, buildings, and 
other infrastructures and increase sedimentation and sulfate loadings; this would lead to a 
disruption of the water supply facilities and a loss of aquatic habitats (U.S. Army Corps of 
Engineers, 2003). Contrary to Vecchia (2011), we found that the outlets were highly 
efficient in managing DL flooding by reducing the overspill risk to almost zero even under 
business-as-usual management. However, sole dependence on the outlets carries risks, 
such as mechanical failures (Larson, 2012) and strict water quality discharge requirements 
(Vecchia, 2011). Legal issues pertaining to the Clean Water Act, downstream water quality 
concerns, and thermal conditions limiting pump operation are especially important during 
spring flood events. Additionally, despite the greatly reduced overspill risk, DL water 
remains at the flood level for many years; it has a greater than 70% probability of exceeding 
441 m and a ~20% probability of exceeding the highest contemporary elevation of 443.3 
m amsl with little impact from the increased water pumping out of the lake. Therefore, 
most of the lands that were used for farming prior to 1997 are unlikely to return to 
agriculture. 
DL flood mitigation has already cost nearly US$963 million in the infrastructure 
sector alone (Noone, 2012). The annual impact of DL flooding on regional economic 
activity is estimated at nearly US$200 million; one-third these losses are in agricultural 
sector (Aakre et al., 2011). Could this cost be reduced with better flood management? 
Zheng et al. (2014) found that the high-cost high-damage DL flood management strategy 
was in fact the optimal autonomous adaptation strategy assuming heavily discounted long-
term risk and stationary climate. The impact of flooding, however, could be significantly 
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reduced had the climate change impacts been realized and a planned adaptation strategy 
executed. We found that even the simplest early intervention scenario 5 reduces the risk of 
reaching the 443.3 m water level to just ~5%. Given these results, we suggest that flood 
management strategies that encapsulate both the long-term risks and prevailing 
uncertainties of climate change are needed. This suggestion is in agreement with Kates et 
al. (2012) argument that some of the impacts of climate change are so sizable that they 
demand a transformational adaptation strategy rather than the traditional approach of doing 
little more than what was already done.  At the same time, the complexity of the 
administrative, legal and political challenges spanning across the region limit the options 
for planned adaptation. 
Despite flood-related damages and mounting mitigation costs, the adaptation by 
local communities to high DL water levels has indeed introduced some economic 
advantages. DL is currently a top-tier US fishing destination with an estimated US$40 
million annual contribution to the local economy (Ladwig, 2013). Since the early 2000s, 
large healthy populations of perch, pike, and walleye have enabled high catch rates and 
attracted thousands of anglers from across the country, especially from communities that 
traditionally value these fish species (e.g., people with Hmong and other Southeast Asian 
heritage) (Kenner, 2012; Kolpack, 2010). The shallow waters along the changing lake 
shores have promoted bird-watching, and waterfowl hunting activities (Kenner, 2012). The 
outlets and dikes that have been raised around the city to 446.5 m have also improved DL 
overspill risk perception, which has led to an increasing demand for new housing. 
Construction activities, outdoor recreation, and sport fishing that were made available to 
local communities due to flooding have fostered economic benefits.  
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Similar to other endorheic lakes, DL is highly sensitive not only to changes in 
climate, but also to land use change and modifications in agricultural practices in the upper 
watershed. At a macro level, native prairies and wetlands are converted to agriculture; on 
a micro level, management practices (e.g., crop rotation and tillage) change. Neither of 
these factors was included in the model. However, we believe that the effect of land use 
change within the period of study was rather small as over 90% of the native grassland and 
50% of the original wetland area of the DL basin had already been converted to agricultural 
land (Fish and Wildlife Service, 2002) with no significant changes during the study period. 
On the other hand, the prior changes in the watershed could have presented conditions in 
the basin conducive for increased surface runoff by reducing the basin’s water storage 
potential. Similarly, the future increasing demand for food and biofuel may renew the 
encroachment into the remaining grasslands and wetlands. However, over 60% of the DL 
watershed is already used for growing over a dozen types of crops, including spring wheat, 
soybean, spring barley and corn; soybeans are the most water-intensive crop, followed by 
corn (Bauder and Ennen, 1981; Brouwer and Heibloem, 1986). Modifications of 
management practices, including changes in crop types, can alter the runoff (e.g., by 
increasing evapotranspiration). To fully understand the overall historical contribution of 
land use change to DL flooding, a set of land use scenarios should be developed to estimate 
the watershed conditions prior to the intensive agriculture period and to estimate future 
land use.  
Our study has several important limitations. The most important one is that the 
current SWAT version does not allow detailed modeling of water potholes, frequent in the 
Northern Great Plains where they form depressional wetlands. Further, the reservoir 
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module in SWAT has limited utility, e.g., only one reservoir can be included into a sub-
basin and can have only one outlet. These limitations oversimplify hydrology of the region 
and restrict the set of scenarios. The model does not include sulfur, which limits its utility 
for water quality simulation. Importantly, we assumed no change in land use throughout 
the simulation period. Consequently, the overspill estimates does not account for possible 
impacts of land use change on DL hydrology. Therefore, we recommend incorporating 
land use change and addressing the abovementioned limitations in future research. 
Conclusion 
We developed a hydrological model of DL and estimated the overspill probability 
of DL under different mitigation scenarios that encompass a combination of historical 
climate, CMIP3 GCM integrations and DL outlet operations. Model results indicate very 
small (~1%) overspill probability under the historical climate; additionally, had planned 
adaptation measures been implemented, accumulated flood damages would be reduced 
considerably. In contrast, taking into account climate change and in the absence of 
mitigation measures, the ongoing lake flooding presents a high risk of overspill (7.3–
20.0%) in the next few decades. Few members of the GCM integration ensemble carry an 
even higher DL overspill probability of over 85.0% and 95.0% for the 2020s and 2050s 
climate, respectively. However, mitigation measures through outlet operations lower the 
DL water level considerably (over 1.5m difference compared to no-mitigation scenario), 
effectively preventing the overspill. Nevertheless, recent reports (Haley, 2014) suggest that 
although the DL outlets contain the DL flooding problem, related degradation of 
downstream water quality may demand additional costly mitigation measures.  
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CHAPTER III 
 CAN LAND USE CHANGE MITIGATE LONG-TERM FLOOD RISKS?  
Introduction  
Over the last century, many lakes across the globe, regardless of their 
geomorphology, have experienced dramatic fluctuations in water levels bringing 
ecological, economic, social and even political disruptions. These water level fluctuations 
are generally attributed to a combination of natural factors, primarily change of weather 
patterns, and socio-economic factors such as an increase of water abstraction for industry, 
irrigation, and residential use and land use change in the watershed.  Overall, there is no 
consistent trend (Rosenzweig et al., 2007). Aral Sea, Lake Chad and Qinghai Lake are 
noticeable examples of declining lakes (Cai et al., 2003; Coe and Foley, 2001; Luxereau 
et al., 2012; Okonkwo, 2010; Sebag et al., 2013) while the level of Caspian Sea and Mar 
Chiquita is rising (Arpe and Leroy, 2007; Piovano et al., 2002; Renssen et al., 2007; Troin 
et al., 2010). Some of these changes are primarily attributed to climate change (Lake Chad, 
Qinghai Lake), others – to change in water demand and land use (Aral Sea, Caspian Sea).  
Devils Lake (DL), located in northeastern North Dakota, USA, is a typical example of a 
closed lake system (9,800 km2 watershed) experiencing profound water level fluctuations 
in both recorded recent and geologic history. Since its glacial origin 10,000 years ago, DL 
exceeded its maximum overspill elevation (444.4 m amsl) at least 4–6 times (Bluemle et 
al., 1999; Haskell et al., 1996). Based on the USGS recorded data, DL fluctuated by nearly 
16.5 m between 1867 and now. The lowest elevation (426.9 m) was recorded in 1940, when 
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the lake almost dried up, and the highest lake level (443.3 m) was observed in 2011. Since 
1992, DL rose by 10 m, increasing the surface area by a factor of four (from 185 km2 to 
772 km2) and the volume by a factor of six (from 0.74 km3 to 4.4 km3). These water 
fluctuations, both current and historic, are mainly attributed to the effects of long-term 
climatic variability in the region (Bluemle et al., 1999; Haskell et al., 1996; Johnson et al., 
2005; Murphy et al., 1997) with limited or negligible impacts from groundwater recharge, 
land cover modifications and agricultural practices (Pusc, 1993; Swenson and Colby, 1955; 
Wiche et al., 1986).  
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Figure 6. Devils Lake watershed. 
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The current episode of rising DL that began in 1991 has brought enormous 
ecological, socio-economic, and even legal consequences to the sparsely populated region. 
In 1999, DL spilled into the nearby Stump Lake (441 m) and in 2011 it reached its highest 
recorded elevation of 443.3 m. This led to inundation of over 650 km2 agricultural lands 
and other infrastructures such as roads and bridges affecting the everyday lives of nearly 
6,700 Native Americans from the Spirit Lake Tribe and 7,000 additional people living in 
the DL basin cities: Devils Lake, Minnewaukan, Cando, Starkweather, Churches Ferry, 
Warwirk, and Crary. Of the estimated flood related costs of $191 million annually, one 
third is related to agriculture (Aakre et al., 2011). Additional to this amount, expenses 
estimated at $1 Billion over the past two decades were accrued through flood mitigation, 
e.g. incremental raising of roads and levees, and relocation of some of the properties. 
Currently DL is just <1.5 m shy from exceeding 444.4 m elevation. At this point, over 40% 
of DL water would release into the Sheyenne River at a sustained rate of 340–453 m3/s 
destroying hydrological structures and drowning multiple towns and farms in the Red River 
Valley in the USA and Canada (Larson, 2012).  
One of the most significant, and yet controversial components of  DL flood 
mitigation, was construction and operation of artificial outlets since 2005 that drain DL 
water into the nearby Sheyenne River, a tributary to the Red River that passes through 
Canada. After a gradual increase in pumping capacity from the initial 2.83 m3/s to 17.00 
m3/s in 2012, the outlets have now become the major DL flood management strategy. 
Outlet proponents underline the role of outlets in regulating DL water levels, safeguarding 
people and properties, and preventing DL uncontrolled overspill to the Sheyenne River, 
which adds protection of downstream communities from massive flooding.  However, the 
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outlet was challenged in court in 2005 for its need, efficacy, and ecological integrity 
(Shalla, 2006), with outlet opponents arguing that land use management through restoration 
of drained depressions in the DL basin to their natural state, would control DL water levels 
without the need for outlets (People to Save the Sheyenne 2010).  
Note: 1850 (left), 1900 (middle), and 2000 (right). Green color indicates grass land and red 
indicates encroachment of crops. Data derived from Ramankutty and Foley, 1999. 
 
While the studies generally attribute the changes in hydrology of DL to the current 
wet spell (Vecchia, 2011), the impacts of land use changes on DL watershed have not been 
investigated.  Unlike most of the watersheds across the globe where land use change is 
often associated with forest to farm and farm to urban conversion, DL watershed has a 
history of grassland conversion to farmland and the gradual intensification of farmland to 
grow multiple crops for higher yields. Several factors including heightened food demand 
due to increased human population, and increased yields due to improvements in agro-
technology, pesticides and fertilizers encouraged encroachment and intensification of crops 
into native prairieland in the region (Johnston, 2013; Stephens et al., 2008). Like most of 
the Great Plains region, DL watershed area shifted from almost entirely grassland in 1850 
to predominately agriculture after 1950 (Ramankutty and Foley, 1999) (Figure 7). 
Figure 7. Historic crop coverage in the study region.  
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Currently, over 90% of the grasslands and wetlands are converted to farmlands in Northern 
Great Palins region bringing critical threats to biodiversity and ecosystem services (Wright 
and Wimberly, 2013). With over a dozen types of crops grown, soybean and spring-wheat 
occupy over 40% of the watershed. Corn footprint in the watershed has increased by over 
five-fold since 2000. Other crops including beans, barley, canola, and sunflowers constitute 
less than 15% of the watershed (USDA-NASS, 2008a).  
In the past, a significant area (1,200 km2 or over 10%) of the Upper DL watershed 
belonged to the prairie pothole region (West Consultants, 2001), which provided a 
significant additional water storage capacity, reducing surface runoff during extreme 
precipitation events. As a result of land conversion, nearly one-third (374 km2) of the total 
pothole area (1,200 km2) in the DL basin has been drained for farming; if fully restored, 
this land has a potential to store additional 0.16 km3 water; allowing nearly 0.03 km3/year 
reduction (roughly 9% ) in surface runoff (West Consultants, 2001). In the last few years, 
about 57 km2 of drained-potholes have already been restored and additional 53 km2 are 
under consideration for future restoration for dual purposes of water storage and wildlife 
habitat (DLB Joint Water Resource Board, 2013). The long-term impact of wetland 
restoration, however, is not clear: some studies, acknowledging the benefits of restored 
drained potholes in terms of increasing water storage, decreasing surface runoff and 
improving wildlife habitat, argue that the shallow potholes in DL basin would quickly 
overfill, leading to upper-basin flooding (DLB Joint Water Resource Board, 2013).  
In this study, we use an integrated modeling approach to assess how alternative 
land uses affect DL water level to gain implications on potential options of flood 
management. We design the alternative land use scenarios based on market and policy 
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considerations. The set of land use change scenarios use projected crop prices and different 
incentives to target reducing surface runoff, in current and future climate conditions. The 
combined effect of land use change and future climate change is estimated with a 
hydrological model of DL basin, developed with the Soil and Water Assessment Tool 
(SWAT). Model results are analyzed to estimate the individual and combined long-term 
effects of changes in climate and land use on DL overspill probabilities. 
Methods and Data 
 General Methodology 
Soil and Water Assessment Tool (SWAT) (Arnold et al., 1998) is employed to 
model Devils Lake basin and to estimate the impacts of climate and land use changes on 
DL water level fluctuations. The model is calibrated and validated against daily USGS 
stream gauge records using SWAT-CUP tool (Abbaspour, 2011). Four land use change 
scenarios are developed based on projected crop price and incentive assumptions. Climate 
change scenarios are developed using a de-biased and downscaled projections of 15 
General Circulation Models (GCMs) run under Special Report on Emissions Scenarios-
SRES A1B, A2 and B1 scenarios (Nakicenovic and Swart, 2000) and under the historical 
weather records. 
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Note: Devils Lake watershed model development using the Soil and Water Assessment 
Tool (SWAT), model calibration and validation using SWAT-CUP, land use scenario 
development using an economic model coupling with downscaled GCM ensembles to 
estimate watershed hydrology and lake overspill probabilities. 
 
Hydrological Model 
SWAT (Arnold et al., 1998) is a semi-distributed hydrological model extensively 
applied to assess water quality and quantity impacts of changes in climate and land use in 
several watersheds across the globe (Chang, 2003; Fontaine et al., 2001; Gassman et al., 
2007; Lee and Chung, 2007; Mango et al., 2011; Neitsch et al., 2011; Nejadhashemi et al., 
2011; Wu and Johnston, 2007). In this study, ArcSWAT, a GIS based interface of SWAT, 
is used to generate required input files and parameters for the development of DL basin 
Figure 8. Flow chart summarizing research methodology.  
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hydrological model. A 10 m DEM (http://ned.usgs.gov/downloads.html) is used to 
delineate the basin. The stream network is extracted from the United States Geological 
Survey (USGS) National Hydrography Dataset 
(http://viewer.nationalmap.gov/viewer/nhd.html), pre-processed into the ArcSWAT 
compatible format and burned-in to discretize the basin into 12 subbasins with associated 
topographic properties. The United States Department of Agriculture (USDA) National 
Agricultural Statistical Service (NASS) crop data layer (USDA-NASS, 2008b) is used to 
define land use classes for each subbasin. Soil properties are extracted from the USDA 
Natural Resources Conservation Service (NRCS) maintained Soil Survey Geographic–
SSURGO Database (USDA, 2013) and the basin is classified into two slope classes: 0 ̶ 5% 
and greater than 5%. These land use, soil and slope classes are combined into 156 
hydrologic response units (HRUs) of DL watershed with water routed through channel 
network between the HRUs to the watershed outlet. For each HRU, the variable storage 
coefficient method (Williams, 1969), Hargreaves method (Hargreaves et al., 1985), and 
the Soil Conservation Service (SCS) Curve Number (CN) method (USDA, 1972) are used 
to calculate water balance, potential evapotranspiration, and surface runoff respectively. 
Each SWAT simulation returns daily estimations of stream water flow and corresponding 
changes in DL volume. For the purpose of model validation, DL volume is converted into 
the elevation above the sea level using DL’s elevation-volume relationship (U.S. 
Geological Survey, 2013). We modeled DL as a reservoir in the sub-basin where the DL is 
physically located. In SWAT, reservoir is linked to the main-channel that receives runoff 
from upper basin and it also accounts for direct rainfall and evaporation. 
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Model Performance 
Model is calibrated and validated against daily streamflow data observed at seven 
USGS stations within the watershed for different time periods based on data availability 
(Table 6). Using the Latin hypercube parameter sampling method (McKay et al., 1979) 
available in SWAT-CUP (Abbaspour, 2011) we identify parameters characterizing snow, 
evapotranspiration, water routing, surface runoff, and groundwater sensitive to the model 
and use them to fine-tune the model. See Appendix A for a list of model parameters and 
their calibrated values. The coefficient of determination (R2) and Nash-Sutcliffe model 
efficiency coefficient (ENS) (Nash and Sutcliffe, 1970) are used to evaluate model 
performance. For each weather station both R2 and ENS values exceed 0.5 (Table 6), which 
indicates a good model performance (Moriasi et al., 2007; Saleh et al., 2000).  
Table 6. Model verification results.  
USGS Stations 
Model Performance 
Calibration Validation 
R2 ENS R2 ENS 
Mauvais Coulee 0.57 0.55 0.63 0.63 
Edmore Coulee 0.72 0.71 0.75 0.74 
Edmore Coulee Tributary 0.76 0.74 0.69 0.69 
Starkweather Coulee 0.65 0.51 0.69 0.67 
Little Coulee 0.75 0.73 0.71 0.56 
Big Coulee 0.65 0.61 0.70 0.66 
Channel A 0.88 0.86 0.77 0.70 
 
Note: Model calibration and validation for DL basin at seven USGS streamflow gauge 
locations within the DL watershed. 
 
In addition, we also evaluate the overall model predictive power to capture DL 
water level fluctuation over the 1989–2010 period. We initialize a reservoir using the 
historical DL area and volume information and run the model for 20 years using the first 
two years for model warm-up. With R2 and ENS exceeding 0.98, we confirm that model is 
robust enough to simulate DL level fluctuations. 
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Land use Change 
Economic model  
 
We develop a simple economic model to demonstrate farmers’ decision-making on 
land use and to generate economically feasible land use alternatives in DL watershed. A 
mix of factors including weather conditions, seeds, fertilizers, soil productivity, financial 
incentives, farm policies and many others plays a role in the process. Ultimately, farmers 
make land use choices depending on the net economic returns of alternative uses 
(Lubowski et al., 2008). Net return is the income farmers receive from selling their crops 
after deducting all the expenses (management costs) related to planting, harvesting, storing, 
transporting, labor, and insurance and others. The employed economic model has two 
components. The first component estimates net returns of different land uses for each soil 
type within the watershed using three key information: crop yield in selected soil type, 
price received by farmers after selling their crop yields and incurred management costs 
(equation 1). Crop yield varies within the farm and watershed depending upon several 
factors, e.g. soil types, seeds, fertilizers, management practices, weather conditions, etc. 
We extract the crop yield data from the USDA maintained soil database-SSURGO, an 
extensive soil database that includes information about average yield per acre for different 
crops estimated under a high level of management (USDA, 2013). Crop price and 
management cost data for 2006–2010 period are obtained from the USDA NASS survey 
(http://quickstats.nass.usda.gov/) and Farm Financial Database (FINBIN) 
(http://www.finbin.umn.edu). For rangeland we use county level net return estimates 
(Lubowski et al., 2006; Lubowski et al., 2008).  
 49 
 
The second component (equation 2) of the model takes into account competition 
among the economically viable land use alternatives within each soil type. Although 
farmers’ land use decisions are based on net returns, other underlying factors such as 
weather, technology, local practices and polices influence land use decisions. We use five-
year (2006–2010) average crop price and management cost data (Table 7), assumed to be 
inclusive of such underlying factors (Lubowski et al. 2008), to calculate net-returns and 
replicate farmers’ land use decision. 
𝑅𝑗𝑘 = 𝑌𝑗𝑘 × 𝑃𝑗 − 𝐶𝑗                                                                                                            (1) 
𝑃𝑗𝑘 =  
exp (β𝑅𝑗𝑘)
∑ 𝑒𝑥𝑝(𝛽𝑅𝑗𝑘)
𝐽
𝑗=1
                                                                                                            (2) 
Here, Rjk is net return for land use j in soil type k, Yjk is yield for land use j in soil type k, Pj 
is price received of land use j, Cj is management cost of land use j, Pjk is probability 
distribution of each land use j in each soil type k, J is number of crop types, and β is 
distribution coefficient used to track land use pattern in the watershed.  
Table 7. Input data for land use scenario development.  
Land use Baseline Scenario Scenarios 1–4 
Cost($/acre) Price($/unit) Price ($/unit) 
Barley (bu) 205.7 3.7/bu Same as baseline 
Beans (cwt) 325.9 24.0/cwt Same as baseline 
Canola (cwt) 245.6 17.0/cwt Same as baseline 
Corn (bu) 315.4 3.3/bu 3.84 
Hay Alfalfa (ton) 70.3 64.5/ton Baseline + $20 
Rangeland (acre)  18.21/acre Baseline + $40; Baseline + $80 
Soybean (bu) 212.7 8.6/bu 10.2 
Sunflower (cwt) 227.5 17.0/cwt Same as baseline 
Wheat (bu) 214.4 6.1/bu 6.2 
 
Note: Land cover types with their associated management cost and price received used for 
the development of land use scenarios for DL watershed.  
 
Our economic model supplements limited utility of existing ‘land use update tool’ 
in SWAT, where only one land use can be changed at a time making it impossible to model 
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simultaneous changes among land uses and estimate their associated hydrological effects. 
SWAT calculates water balance at the HRU level (Arnold et al., 1998); modifying HRU 
alters hydrological outputs. The employed economic model estimates probability 
distribution of multiple land uses in each soil type corresponding to the HRUs in the DL 
hydrological model. 
Land use Change Scenarios 
 
A land use distribution, generated from the abovementioned economic model and 
data, is used as a baseline land use for future scenario development, model simulations and 
result analyses. Crop prices and financial incentives alter net return, a major driver in 
farmers’ decision making process leading to changes in watershed hydrology. We apply a 
mix of price and incentive (Table 7) to generate new potential net returns for different land 
uses and develop four land use alternatives in DL watershed (Table 8).   
Table 8. Land use change scenarios for DL watershed. 
Scenario Description 
Baseline 2006–2010 management cost & crop price derived from Farm Financial 
Database –FINBIN, and USDA-Farm Service Agency; DL counties rangeland 
rental net return (Lubowski et al. 2008). 
Scenario 1 2015–2019 projected maximum price of major crops (corn, soybean & spring- 
wheat). 
Scenario 2 Cash incentive of $40/acre for rangeland; 2015–2019 average projected price of 
major crops. 
Scenario 3 Cash incentive of $80/acre for rangeland; 2015–2019 average projected price of 
major crops. 
Scenario 4 Cash incentive of $20/ton for alfalfa hay; 2015–2019 average projected price of 
major crops. 
 
We use 2015–2019 corn, soybean, and spring-wheat price projections estimated by 
the North Dakota State University (NDSU) Extension Service (Haugen et al., 2014), and 
apply financial incentives for rangeland and alfalfa-hay. We keep the net returns of other 
crops (barley, beans, canola and sunflower) the same as baseline to facilitate land use 
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change in the watershed. Rangeland incentives ($40 and $80 per acre) are based on 
Conservation Reserve Program (CRP) rental payments in North Dakota counties: average 
($42.3) and maximum ($91.2) (USDA-FSA, 2015). We provide $20/ton incentive for 
alfalfa rather than using the NDSU projections ($97 to $104), which we consider too high 
and using this price makes alfalfa footprint in the watershed over 30%. Also, unlike corn-
soybean-wheat, the alfalfa market is local and limited due to higher storage and 
transportation costs (Diersen, 2008) and therefore higher alfalfa production may not reflect 
economic reality. In all four scenarios, management costs are kept the same as baseline 
scenario (Table 7).  
Table 9. Land use distribution for different scenarios.  
Land Use 
Type 
Land use percentage under different scenarios with corresponding area (km2) 
Baseline Scenario 1 Scenario 2 Scenario 3 Scenario 4 
Barley 3.6 (347) 1.9 (182) 1.8 (176) 1.4 (137) 1.7 (162) 
Beans 3.0 (292) 1.6 (148) 1.6 (141) 1.2 (114) 1.4 (137) 
Canola 5.4 (524) 2.0 (198) 2.3 (220) 2.0 (190) 1.9 (181) 
Corn 4.6 (442) 11.0 (1,063) 10.9 (1,056) 10.3 (995) 8.5 (816) 
Hay (alfalfa) 8.3 (797) 3.1 (296) 3.5 (336) 2.8 (273) 18.5 (1,788) 
Range land 2.7 (257) 2.0 (195) 5.8 (564) 11.8 (1,138) 1.8 (176) 
Soybean 14.9 (1,436) 41.0 (3,955) 36.7 (3,546) 34.3 (3,314) 30.8 (2,972) 
Sunflower 2.3 (223) 1.4 (136) 1.2 (119) 1.0 (93) 1.3 (125) 
Wheat 28.0 (2,705) 8.8 (849) 9.0 (865) 8.0 (769) 6.9 (665) 
Other 27.2 (2,630) 27.2 (2,630) 27.2 (2,630) 27.2 (2,630) 27.2 (2,630) 
 
Note: The ‘other’ land use type represents land cover such as urban, forest/wetland and 
water areas which were masked from land use distribution during the scenario 
development. 
 
The final distribution of land use among different scenarios are shown in Table 9. 
The baseline scenario reflects the 2006–2010 land use pattern in DL watershed. The 
additional four land use alternatives: (1) corn-soybean intensive agriculture (2) business-
as-usual conservation approach, (3) aggressive conservation measure, and (4) increased 
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alfalfa, reflect farmers’ potential land use choices in DL watershed based on projected price 
and incentives allowing us to estimate their contribution on DL flood management. 
In scenario 1, we use 2015–2019 projected maximum price of corn, soybean, and 
spring-wheat. It represents market driven land use allocation resulting increased corn 
(141%) and soybean (175%) areas in the watershed. The spring-wheat area decreases by 
69% because of small increase in spring-wheat price (1.6%) compared to corn (16.4 %) 
and soybean (18.6%). Increased corn-soy areas reduces land availability for other crops 
including range and alfalfa. In scenarios 2–4, we introduce incentives for rangeland and 
alfalfa-hay along with the 2016–2019 projected average price for corn, soybean, and 
spring-wheat. The incentivized rangeland (scenario 2 and 3) reflects the effect of 
government policies on farmers’ land use choice allowing us to estimate the associated 
hydrological impacts of such policies. Scenario 2, with an incentive of $40/acre, 
corresponds to the current CRP rental payments in DL counties. Scenario 3, an incentive 
of $80/acre, represents the maximum CRP rental payment elsewhere in North Dakota. As 
a result, grassland areas increase by 119% (scenario 2) and 343% (scenario 3) compared to 
the baseline scenario at the expense of other crops including alfalfa hay. In scenario 4, 
$20/ton of alfalfa-hay incentive increases its area by 124% in the watershed compared to 
the baseline scenario. In this study, big bluestem (Andropogon gerardi), a tall-grass prairie 
representative grass, and its associated parameters available in SWAT plant database, are 
used for model simulations. 
Climate Change Scenarios 
We use the downscaled General Circulation Models (GCMs) projections to 
characterize the climate of three decades surrounding 2020s. The GCM projections are 
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known to have significant uncertainties (Arnell et al., 2004) mainly due to coarse 
resolution, the biases in individual GCMs, and differences in radiative forcing linked to 
emission scenarios. We account for GCM biases and differences in radiative forcing by 
using an ensemble of GCM projections run under multiple emission scenarios (Faramarzi 
et al., 2013). We employ an ensemble of CMIP-3 GCM integrations that included 
temperature and precipitation projections from 15 GCMs (CSIRO-MK3.0, CGCM3.1 
(T47), FGOALS-g1.0, CNRM-CM3, IPSL-CM4, ECHAM5-OM, MRI-CGCM2.3.2, 
BCM2.0, INM-CM3.0, HadCM3, HadGEM1, GFDL-CM2.1, GISS-AOM, PCM, and 
CCSM3). Three commonly used SRES scenarios A1B, A2, and B1 (Nakicenovic and 
Swart, 2000) are used to cover a range of possible climate change in the region. To account 
for biases related to coarse GCM resolution, GCM projections are statistically downscaled 
with LARS-WG stochastic weather generator (Semenov and Barrow, 2002) using the 
1981-2010 observations (daily precipitation, temperature and solar radiation) to 
characterize the current climate.  
Further, to account for the effect of climate variability each weather sample is 
broken into 1-year long periods, which are reshuffled 20 times. Overall, this process returns 
an ensemble of 700 30-year long weather samples characterizing potential 2020s climate, 
summarized in Table 10. All GCMs project a substantial increase in the annual mean 
temperature by 0.4 ̶ 1.3 °C in 2020s as compared to the mean baseline temperature 1981–
2010. On average, precipitation is projected to increase by 2.7% in 2020s. However, there 
is significant variation between the scenarios and individual GCM outputs, with the range 
of -2.2% – +7.35%.  
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Table 10. Climate projections for DL watershed.  
GCMs 
Precipitation (mm) Temperature (°C) 
A1B A2 B1 A1B A2 B1 
BCM2.0 1.36   1.37 4.04   4.03 
CGCM3.1 1.4     4.45     
CNRM-CM3 1.33 1.37   4.57 4.19   
CSIRO-MK3.0 1.37   1.35 3.99   3.87 
FGOALS-g1.0 1.37   1.4 3.83   4.01 
GFDL-CM2.1 1.37 1.41 1.45 4.26 4.16 4.00 
GISS-AOM 1.43   1.41 4.21   4.20 
HadCM3 1.38 1.42 1.4 4.36 3.94 3.90 
HadGEM1 1.42 1.42   4.38 4.49   
INM-CM3.0 1.44 1.41 1.44 4.49 4.22 4.21 
IPSL-CM4 1.46 1.46 1.4 4.37 4.26 4.42 
MRI-CGCM2.3.2 1.4   1.4 4.59   4.77 
ECHAM5-OM 1.41 1.39 1.39 4.11 4.14 4.03 
CCSM3 1.38 1.37 1.33 4.65 4.77 4.47 
PCM 1.38 1.43   4.05 3.94   
Average of GCMs 1.39 1.41 1.39 4.29 4.23 4.17 
1981–2010 climate 1.36 3.45 
 
Note: Average daily precipitation and temperature projections for DL basin derived from 
15 General Circulation Models (GCMs) run under the IPCC CMIP3 SRES A1B, A2, and 
B1 scenarios. 
Results 
We evaluate the impacts of different combinations of land use change scenarios 
with climate scenarios on DL basin hydrology. Model simulations result in a statistical 
ensemble of 43,800,000 values of DL water volume characterizing historical and future 
climate. The ensemble is used to compute the empirical cumulative distribution functions 
for lake elevations, further used to estimate DL overspill probabilities at two critical lake 
elevations: 443.3 m, and 444.4 m. 
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Table 11. Land use change simulation results under historic and changed climate.  
Treatment SC ET (mm) SR (mm) 
DL level 
(m) 
EP (%) 
443.3 m 444.4 m 
None Baseline 469.62 20.53 442.40 65.0 2.0 
LUC,  
no CC 
 
1 467.13 (-0.53) 22.56 (9.9) 442.62 71.0 2.0 
2 467.82 (-0.30) 21.63 (5.4) 442.49 65.0 1.0 
3 468.63 (0.00) 20.51 (-0.1) 442.33 56.0 0.0 
4 471.32 (0.38) 19.20 (-6.5) 442.10 50.0 0.0 
CC Baseline 483.41 (2.97) 21.15 (3.0) 442.52 75.6 16.0 
LUC  
+ CC 
 
1 482.09 (2.66) 22.70 (10.6) 442.65 75.7 17.0 
2 482.93 (2.83) 21.83 (6.3) 442.48 72.6 13.9 
3 484.03 (3.07) 20.73 (1.0) 442.20 67.7 10.9 
4 486.04 (3.50) 19.45 (-5.3) 442.17 57.0   7.4 
 
Note: Mean evapotranspiration (ET), surface runoff (SR), DL level, probability to exceed 
the historical maximum (443.3m) and overspill (444.4m) DL levels (EP). The treatments 
are: historical climate and historical land use (None), land use change alone (LUC, no CC), 
climate change alone (CC), and climate change with land use change (LUC + CC). Land 
use scenarios (SC) are described in Table 9. The values in parenthesis indicate percentage 
change compared to the baseline with no treatment. 
 
Table 11 summarizes the impacts of various land use scenarios under historical and 
changed climate on basin evapotranspiration (ET) and surface runoff (SR) along with the 
associated changes in lake levels and exceedance probabilities (EP). Under the land use 
change treatment alone (LUC), surface runoff changes by 9.9%, 5.4%, -0.1%, and -6.5% 
relative to the baseline for scenarios 1, 2, 3, and 4, respectively. Adding climate change to 
LUC treatment (LUC+CC) makes little alterations to these numbers:  under the LUC + CC 
treatment, surface runoff changes by 10.6%, 6.3%, 1.0%, and -5.3% in scenarios 1, 2, 3, 
and 4 respectively. Under climate change only treatment (CC), SR increases by 3.0%. 
Evapotranspiration does not change significantly under the LUC scenarios, compared to a 
significant increase by 2.66–3.50% under the CC and LUC + CC treatments. In overall, the 
comparison between different treatments (CC only, LUC only, and LUC-CC) displays a 
larger impact of climate change on DL overspill probabilities (Table 11).  
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Table 12. Land use change simulation results for changed climate.  
Scenario 
A1B A2 B1 
ET 
(mm) 
SR 
(mm) 
OP (%) 
ET 
(mm) 
SR 
(mm) 
OP (%) ET 
(mm) 
SR 
(mm) 
EP 
(%) 
444.4 m 444.4 m 444.4 
m 
Baseline 483.13 20.65 11.7 486.54 21.78 20.6 481.81 21.30 17.7 
1 481.56 22.20 14.0 485.25 23.27 21.1 480.23 22.92 18.2 
2 482.39 21.35   9.3 486.06 22.38 18.3 481.09 22.03 16.4 
3 483.49 20.28   7.0 486.07 21.25 14.4 482.22 20.92 13.2 
4 485.44 19.03   5.0 489.24 19.94 10.0 484.23 19.63   8.6 
Note: The results are integrated from the simulations with 15 GCMs run under the IPCC 
CMIP3 SRES A1B, A2, and B1 scenarios. 
 
Our results estimate 5.0–21.1% overspill probability for DL under CC and 
LUC+CC treatments under SRES A1B, A2 and B1 (Table 12). Without climate change 
(LUC only treatment), overspill probability changes little between the land use scenarios 
remaining under 2% (Table 11). The higher overspill probabilities under CC and LUC+CC 
treatments are contributed by GCMs with substantial increase (7.4%) in regional 
precipitation compared to the historical climate (Table 13).  
Table 13. Land use change simulation results under extreme climate conditions. 
Scenario 
IPSL-CM4 CCSM3 
ET (mm) SR (mm) 
EP (%) 
ET (mm) SQ (mm) 
EP (%) 
444.4 m 444.4 m 
Baseline 491.80 25.13 46.7 476.07 17.16 0.0 
1 490.88 26.69 48.3 473.95 18.81 0.0 
2 491.68 25.68 43.3 474.78 18..07 0.0 
3 492.81 24.39 36.7 475.79 17.18 0.0 
4 495.13 22.91 26.7 477.42 16.11 0.0 
 
Note: ET, SR, and EP of DL at 444.4 m for two extreme GCM projections: IPSL-CM4 
represents extreme wet climate and CCSM3 represents extreme dry climate among the 15 
GCMs used in this study. 
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The probability of exceeding the recent highest DL elevation (443.3) remains very 
high (50–76%) under any treatment (Table 11). It suggests that future projected climate for 
DL basin exacerbates DL overspill probabilities regardless of land use scenarios. However, 
it is important to note that scenarios 3 and 4 have potential to avoid DL overspill under 
historical climate and to lower lake levels and overspill probabilities under changed 
climate. GCMs under SRES B1 demonstrate intermediate consequence to DL hydrology 
and overspill probability compared to the extreme A2 and milder A1B for all land use 
scenarios (Table 12). Of all 15 GCMs, IPSL-CM4 and CCSM3 show the highest and lowest 
effect on surface runoff and overspill probability respectively (Table 13).  
Discussion 
Dramatic increase in the water level that the DL is experiencing during the past two 
decades has raised two important questions. First, what is the relative importance between 
two possible drivers of the hydrological changes in the watershed, the climate change and 
land use change? While few studies tacked the question of the role of wetter phase of the 
local climate in DL water rise with general consensus that climate change can indeed 
explain the changes in the watershed, no modeling study attempted to estimate if the LUC 
is capable of modifying the effects of climate change. Second, mitigating rising DL is a 
costly, lengthy, and litigious water management issue in the region. An imminent threat is 
the probability of DL overspill, fueled by uncertain timing and causality, with huge water 
quality and flooding consequences.  Mitigation strategies are and should be built to account 
for these uncertainties. Outlets, currently operating as major mitigation strategy, are able 
to lower water levels and have potential to prevent overspill even under the changed climate 
(Kharel and Kirilenko, 2015). And yet there are questions and controversies over their 
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efficacy (People to Save the Shyenne, 2010). Could land use management be an alternative 
and/or companion to outlets in the effective management of DL flooding?  
Our result shows that changing land use distribution within the watershed has 
potential to alter SQ generation and lake water levels under both historical and changed 
climate conditions. Under the historical climate (1981-2010), the surface runoff generation 
is found to vary significantly (-6.5–+9.9%) between the land-use alternatives with the 
probability of DL overspill remaining under 2%. The corn-soybean intensive land use 
(scenario 1) is found to generate the highest SR (9.9%) leading to a 2.0% risk of overspill. 
The BAU conservation (scenario 2) also indicates increased (5.4%) SR but decreased (1%) 
OS risk. We speculate that a higher SR generation and the associated overspill risks in 
scenario 1 and 2 are contributed by a larger corn-soybean area in the watershed (Table 9). 
We notice that the maximization of grassland conservation (scenario 3) and alfalfa acreage 
(scenario 4) through financial incentives results in reduced SR and zero overspill risk. 
Model simulations under changed climate conditions (CC and LUC+CC treatments) 
provide us interesting and valuable information about the effects of climate and land use 
on the lake hydrology in terms of SR and associated overspill risks. Adding climate change 
to the baseline scenario (CC treatment) results only 3% increase in SR with the associated 
overspill risk of 16.0%. Model simulations under LUC+CC indicate a change of SR by -
5.3–+10.6% with the associated overspill risk of 7.4–17.0%. Two important information 
can be gained from these research results. First, it is found that future climate conditions 
can exacerbate the DL overspill risks. Although SR increase is virtually the same under 
LUC-only and LUC-CC treatments, the overspill probabilities vary significantly (LUC-
only 2.0% vs 21.1%). The increased overspill probabilities come from the GCMs with 
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wetter climate projections (Table 10 and 13). Second, it is observed that land use decisions 
made at the watershed level can have varying effects on the lake hydrology. Although none 
of the land use scenarios used in this study are capable of preventing potential DL overspill 
of the changed climate, some of the risks can be mitigated partially through land use choice. 
For example, we find that overspill risk can be reduced by up to10 percentage point by 
opting to scenarios 3 and 4, where financial incentives are provided to encourage grassland 
conservation and increased alfalfa acreage.  
Scenario 3 under LUC+CC treatment shows decrease in SR (1.0%) and overspill 
risks (10.9%) as compared to the CC-only treatment. We speculate that this effectiveness 
of scenario 3 in terms of reduced SR and overspill risks could be due to the ability of prairie 
grassland in reducing peak flood frequency and intensity (Villarini et al. 2011). DL 
watershed, which remains in a frozen state during winter months (December–March) 
undergoes melting in early spring leading to huge influx of water into DL. The intensity 
and magnitude of streamflow (peak flows) regulates DL water levels. In our simulation 
results, grassland and alfalfa-hay scenarios are found to generate less peak-flow events as 
compared to other scenarios. Smoothing of these peak flows in conservation scenarios 
could be due to the presence of grass residues delaying runoff time. Also, characteristics 
of tall grasses related to snow trapping efficiency and enhanced infiltration to frozen soil 
due to the presence of well-developed macropore channels reduce and delay snowmelt 
runoff (Van der Kamp et al. 2003).  Prior studies that investigated the hydrologic effect of 
land cover change between grassland and cropland reported conflicting results. Mao and 
Cherkauer (2009) reported increase in ET (10–16%) and decrease in SR (10–40%) in 
southwestern Minnesota for grassland to crop conversion. Twine et al. (2004) reported a 
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decrease in total runoff in Mississippi River basin after conversion to soybean and wheat. 
In contrast, watersheds in Iowa showed increased streamflow due to grassland to row crop 
conversion (Schilling 2005, Schilling et al. 2008). Land conversion from traditional crops 
to alfalfa (scenario 4) is found to generate the highest ET, lowest SR and the least overspill 
probabilities under both LUC-only and LUC-CC treatments. Our result, in terms of SR 
reduction, confirms similar surface runoff reduction ability of alfalfa due to its higher water 
maintenance requirement and higher evapotranspiration (Jia et al. 2007)  in other 
watersheds elsewhere (Van der Kamp et al. 2003, Wu et al. 2011, Zhao et al. 2004).  
Achieving the hydrological benefits of scenarios 3 and 4 depend on farmers’ land 
use decision which is mostly dictated by economic security. For this, the economic returns 
of grass and alfalfa lands should at least equal or exceed the returns from growing other 
crops. Between 2006 and 2013, the average net returns/acre from growing corn, soybean 
and spring wheat in North Dakota are $125.5, $105.3, and $67.4 respectively as compared 
to $40.9 for alfalfa hay (FINBIN). The average government payment for land conservation 
under CRP in DL watershed counties is less than $20/acre. It evidences the dominance of 
traditional crops in the region. Local-market dependency of alfalfa due to its high storage 
and transportation cost (Diersen 2008) and less lucrative CRP payments could be some of 
the reasons that farmers are less inclined towards grassland conservation and alfalfa 
production in the region. Recent data indicate more than 60% growth in the US alfalfa 
export to China and UAE since 2007 (Putnam et al. 2013) and a robust long-term outlook 
(Merlo 2015). More than 90% of these exports originate in the western US states for their 
proximity to shipping ports. Severe water scarcity (drought) problems in western states 
might present potential opportunities for North Dakota and adjacent states to produce and 
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meet growing alfalfa demand. Also, state and federal governments can introduce policies 
that provide financial support and incentives to farmers for grassland conservation and 
alfalfa production. Such policies not only reward farmers but also encourage them for 
sustainable agricultural and land management practices (Polasky et al. 2011). Additionally, 
the demonstrated ability of alfalfa in reducing soil erosion and enhancing nitrogen supply 
(Jokela and Russelle 2010) and the benefits of grassland conservation to wildlife can 
actually help in ecological restoration. Although, our land use scenarios 3 and 4 alone 
cannot fully mitigate the climate change impacts on DL overspill, we observe that the 
ability of grassland and alfalfa in reducing peak flows and delaying SR generation  can 
moderate the hydrological implication of climate change while bringing important 
ecological benefits. Therefore, policies promoting grassland conservation and alfalfa 
production should be encouraged for the long-term management of DL flooding. These 
policies can provide relief to the existing outlet based mitigation efforts.  
Modern land use has brought with it the benefit of food security along with 
ecological consequences, and hydrological modifications. Safeguarding food security 
while ensuring ecological services and maintaining hydrological balance is crucial. There 
have been many attempts in literature and practice: ‘sustainable agriculture’(Jackson, 
1980), ‘integrated agri-system’ (Dale, 2013), ‘farming alternatives’ (Schuck, 1988), ‘agro-
biodiversity’ (Thrupp, 1997),‘biodynamic agriculture’ (Turinek et al., 2009), ‘good 
agricultural practices’ (Poisot et al., 2004), ‘integrated farming systems’ (Hesterman and 
Thorburn, 1994), ‘regenerative agriculture’ (Rodale and Edwards, 1990). Effective 
implementation of these methods and practices depend on several factors including 
financial incentives and farm regulations, deemed to be key to sustainable agricultural 
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management (Dale, 2013; Polasky et al., 2011). Despite ongoing conservation programs, 
wetland and natural grassland areas are at loss due to agricultural expansion, technological 
advances, less incentives and lower CRP payments (Johnston 2014, Johnston 2013, 
Stephens et al., 2008; Yu and Belcher, 2011) threatening ecosystem conservation (Wright 
and Wimberly, 2013). Our incentivized grassland and alfalfa scenarios encompass a 
multifunctional agricultural landscape (Werling et al., 2014) while meeting agro-economic 
expectations of the watershed.  
In a region like DL watershed, which is susceptible to extreme climate (wetness 
and drought), land use management or land use reversal could be one of the effective 
adaptive and mitigation strategies. For example, in the decade of 1930s, defined by 
prolonged drought, farmers shifted the crop rotation to wheat (Johnston, 2014) as wheat is 
less water intensive and the critical water uptake takes place earlier in the growing season 
(Beck, 2012).  
This study has some limitations in terms of modelling and scenario assumptions. 
Crop rotation and farm management practices, reported to have varying economic, 
ecological and hydrological consequences, are excluded. But, the traditional crop rotation 
practices are slowly diminishing due to improvement in agro-technology leading to climate 
and disease-resistant seeds, effective fertilizers and pesticides (Johnston 2014). The model 
is not calibrated for sediment and crop yield. We assume fixed price for all other crops 
except corn, soybean, and spring-wheat.  
Conclusion 
In this study we developed a hydrological model of DL watershed and investigated 
the effects of changes in climate and land use on DL overspill probabilities. Our results 
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indicate DL overspill probabilities of 0–2% and 5.0–21.1% under historical and changed 
climate. The incentivized scenarios that put the emphasis on the conservation of grassland 
and promotion of alfalfa acreage are able to reduce surface runoff, prevent overspill risk 
under historical climate and, lower DL overspill probabilities under changed climate as 
compared to the business-as-usual scenarios. At watershed scale, the research result 
highlights the importance of grassland and alfalfa in moderating hydrological implications 
of changed climate to DL and providing relief to the existing outlet schedule. On a broader 
scale, our results confirm the runoff dampening ability of grass and alfalfa lands as 
observed in several other watersheds in the US and outside.  
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CHAPTER IV 
DEALING WITH “WICKED PROBLEMS” UNDER CHANGING 
ENVIRONMENT: A GREEN PARADIPLOMACY PERSPECTIVE  
Introduction 
Managing shared natural resources, especially water resources, is challenging at 
local, national, and international levels. Human history witnessed both falling and 
flourishing of ancient cities and civilizations over water resources: e,g. Harappa, Akkad, 
Sumerian, Assyrian, Babylonian, Egyptian Old Kingdom, and Maya (Fagan, 2008; 
Priscoli, 2008). In the modern world, numerous events of social and geopolitical tensions 
along with negotiations and treaties (Gleick and Heberger, 2014) are observed evolving 
around the allocation and management of water resources.  There are 276 international 
river basins shared by 137 countries with nearly half of the global population managed 
under 450 plus international water agreements (Transboundary Freshwater Dispute 
Database, 2015). While such agreements and institutional mechanisms have in fact reduced 
the number and intensity of conflicts (Wolf et al., 2003), still 60% of international river 
basins lack a proper cooperative management framework (WWAP, 2012) suggesting a 
vulnerability of conflicts and wars upon adverse human and environmental conditions 
(Welzer and Camiller, 2012; Wolf, A.T., 1999). Natural and human stressors, e.g. climate 
change and land use modifications, could intensify and/or emerge the nature and scope of 
conflicts in most parts of the world (IPCC, 2014) raising a critical question: are   
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contemporary policy frameworks adequate enough to avoid or at least tame future water 
related conflicts?  
Generally water treaties are applauded for creating and maintaining transboundary 
relationship (Priscoli and Wold, 2009). A century long harmonious US-Canada 
relationship in managing 150 reciprocal rivers and lakes along the 8,100 kilometer border 
is credited to the Boundary Waters Treaty (BWT) of 1909 (Hall, 2007; Hall, 2008). While 
many (Jordan, 1971) praise the role of the BWT and its International Joint Commission 
(IJC) in laying a strong foundation for the international environmental law between the US 
and Canada, others (Flanders, 2006; Kempf, 2007) argue that BWT in its current form 
(limited scope and enforcement) is not adequate enough to resolve many contemporary and 
future transboundary issues. The BWT’s focus on political boundaries rather than 
ecological and its definition of ‘transboundary water resources’ excluding many water 
bodies (Chaloux and Paquin, 2013) hinders effective water governance. Further, to avoid 
potential conflicts and be effective in meeting the 21st century challenges such as climate 
change, BWT needs to be adaptive and evolutionary (Hall, 2008), which was never thought 
of at its inception in 1909. Hence, policy makers and non-state actors seek for alternative 
mechanisms such as political instruments, organizations, agreements, memorandums, etc. 
which Gruszczynski and Michaels (2014) call ‘venue shopping’ to better manage 
transboundary water under the pressure of new stressors. Norman and Bakker (2009) 
reported substantial increase in the number of such instruments at subnational level along 
the US-Canada border since 1980 giving rise to a new mode of water governance – e.g. 
watershed approach (Gleick, 1993; IJC, 2005). Management of the Great Lakes water is 
probably a noteworthy example of watershed approach highlighting the increased 
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engagement of local and subnational actors in transboundary water governance, which 
Chaloux and Paquin (2013) refer to as ‘green paradiplomacy’.   
Paradiplomacy refers to a participation of regional, sub-national, non-central, or 
non-state actors in international relations and activities (Lecours, 2002). Important events 
that came into play after the Second World War, such as, independence of former colonies, 
global movement of goods and services, population migration, establishment of 
international organizations such as the United Nations, World Bank, and World Trade 
Organization, European integration, new international treaties such as the free trade 
agreements, etc. created and fostered space for paradiplomacy (Scott, 1999; Clarke, 1999; 
Conklin, 1997). Although paradiplomacy has its locus on international politics, the rise of 
environmental externalities in the past few decades has stretched its sphere in 
environmental policy and governance (Schreurs, 2008). Green paradiplomacy is a policy 
framework extrapolated from the paradiplomacy scholarship in which subnational 
governments or other public institutes coordinate their efforts to manage environmental 
challenges. In North America, the emergence of green paradiplomacy is attributed to the 
lack of political will and leadership from the central government to address environmental 
issues (e.g., Canada’s weak leadership and US’ refusal to ratify the Kyoto protocol) 
(Chaloux, 2010) opening the door for state and provincial governments to use alternative 
policy tools (Eatmon, 2009). The ‘sovereignty-bound’ and ‘sovereignty-free’ nature of the 
subnational governments (Rosenau, 1990) benefit them with access to both central 
government and non-governmental organizations’ resources, allows taking firm positions 
on sensitive matters such as climate change and enables creation and maintenance of 
regimes (Genest, 2008). For example, a network of over 1,000 local governments in the 
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International Council for Local Environmental Initiatives (ICLEI)–Local Governments for 
Sustainability, and C40 Cities Climate Leadership Group with representation from 75 
global cities demonstrate collective local efforts in addressing global climate issues 
exceeding those of the national governments (Happaerts et al., 2010). In the US, a wave of 
local and regional partnership and initiatives emerged in the last decade, for example, the 
US Conference of Mayors Climate Protection Agreement, Midwestern Regional 
Greenhouse Gas Reduction Accord, Western Climate Initiative, Western Governors’ 
Association Clean and Diversified Energy Initiative, etc. (http://www.c2es.org/initiatives).  
The emergence of such local initiatives in the US, referred to as ‘California effect’ (Vogel, 
1995), demonstrate how the local and state governments can lead and influence federal 
government in environmental policy making. Currently, 50% to 80% of investments into 
climate change mitigation take place at subnational and local levels (United Nations 
Development Program, 2011). 
Green paradiplomacy as a shift to a multi-level governance from the traditional 
state-centric approach (Chaloux and Paquin, 2013) is characterized by downscaling, 
devolution, and downloading of state power and responsibilities to local actors for the 
management of environmental resources (Norman and Bakker, 2009). Given the 
importance of Great Lakes, the world’s largest fresh lake system along the US – Canada 
border, for multiple users living in eight US States and two Canadian Provinces and uses 
(irrigation, navigation, recreation, hydropower) itself entails the potential conflict and need 
for cooperation among the stakeholders. Maneuvering the contours of the existing 
framework under the BWT and passing through several milestones over half a century, the 
local actors were finally able to manage the Great Lakes water on their own terms. The 
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green paradiplomacy in Great Lakes water management was achieved through two sets of 
agreements: (1) 2005 Great Lakes St. Lawrence River Basin Sustainable Water Resources 
Agreement among ten US-Canada stakeholders (hereafter Great Lakes Agreement), and 
(2) the 2008 Great Lakes-St. Lawrence River Basin Water Resources Compact among eight 
US states (Illinois, Indiana, Michigan, Minnesota, New York, Ohio, Pennsylvania, and 
Wisconsin) (hereafter Great Lakes Compact). The Great Lakes Basin Compact of 1968, 
the Council of Great Lakes Governors (CGLG) created in 1983, the Great Lakes Charter 
adopted in 1985, and the non-binding agreement annexed in 2001 are some of the important 
milestones for the realization of green paradiplomacy in Great Lakes region. The 
modification of the Water Resources Acts by Ontario and Quebec to incorporate the 2005 
Great Lakes Agreement (Legislative Assembly of Ontario, 2007; Gouvernement du 
Quebec, 2009) enhanced the original agreements. The obligatory nature of the Compact, 
ensuring regional stability and uniformity (Bielecki, 2006) and the non-binding good faith 
agreement, transcending national limits to achieve common goals help to create a stable 
water governance regime (Genest, 2008; Parrish, 2006; Chaloux and Paquin, 2013). With 
a set of principles, norms, rules, and decision making procedures established by the Great 
Lakes Agreement for the management of Great Lakes water demonstrates how a new water 
management regime can be formed (Genest, 2008) without impinging national sovereignty 
and treaty. The nature of the environmental-related policy challenges, however, may be 
limiting the Agreement’s success. 
Is green paradiplomacy, evidenced in Great Lakes as an effective transboundary 
water management, a useful policy framework for the management of wicked problems in 
the context of changing environment? We attempt to answer this question taking a case of 
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Devils Lake (DL) in the following section. First, we introduce DL flooding and its current 
mitigation measures. Second, we explain how DL flooding and current mitigation option 
constitute a wicked problem. Third, we examine current development in its management 
based on the results obtained from the internet survey and phone interviews along with 
other available literature. Fourth, we conclude whether green paradiplomacy already has 
its footing in DL issue or there is a need of one given the challenges. This study attempts 
to give a direction to regional stakeholders and policy makers on how green paradiplomacy, 
as a water governance instrument, can decipher policy diaspora of wicked problem under 
complex and uncertain political and natural stressors. 
Case Study – Devils Lake Watershed 
In the world where water conflicts are usually found to arise from water shortage 
or scarcity, Devils Lake of North Dakota, USA (figure 1) exhibits an opposite behavior. 
Since 1991 Devils Lake, located in a poorly defined 9,800 km2 closed drainage watershed 
of the Red River Basin (Fig. 1), rose by 10 m leading to the inundation of nearly 650 km2 
productive farm lands, and other infrastructures including roads and bridges costing nearly 
1.5 billion dollars in damage and mitigation efforts (DLB Joint Water Resource Board, 
2013; Noone, 2012). The lake is now (May 2015) 2.0 m from its natural overspill to the 
nearby Sheyenne River, a tributary of the Red River that connects to Lake Winnipeg in 
Canada, a part of Hudson Bay watershed. Geological studies indicated several DL 
overspills since its origin 10,000 years ago, with the recent two occurrences between 800-
1,200 years ago (Murphy et al., 1997). The environmental, socio-economic and political 
economic impacts of the overspill event are huge. At the overspill elevation (444.4 m), 
nearly one third of the DL basin gets flooded (West Consultants, 2001). In 2011, when the 
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lake was at its recent highest level (443.3 m), the DL regional economy suffered nearly a 
$200 million loss with $60 million directly from agriculture (Aakre et al., 2011). In the 
event of overspill, over 40% of the entire DL water empties into the Shyenne River at a 
rate of 340–453 m3/s (Larson, 2012) leading to downstream flooding, water quality 
degradation, and potential biota transfer to the downstream water resources in the Red 
River basin (U.S. Army Corps of Engineers, 2003).  
In the sparsely populated DL basin there are nearly 30 smaller cities with population 
of about 15,000 including over 6,700 Spirit Lake Tribe population. Two cities (Devils Lake 
and Minnewaukan) are directly threatened by DL flooding and several other smaller towns 
(Cando, Maza, Starkweather, Churches Ferry, Warwick and Crary) are affected by upper 
basin flooding. Devils Lake, the largest city in DL basin with over 7,000 inhabitants, has 
been protected with successive levees built reactive to the DL water level rise. Since the 
first levee, raised to an elevation of 440.5 m (about 5 m above the lake level) in 1984, it 
has been raised subsequently to 442.1 m in 1996, 444.2 m in 1997, 445.1 m in 2007 and 
447.0 m in 2012 in response to the rising lake level (Larson, 2012). Now, with the new 
levee raised to 447.0 m, the Devils Lake city is optimistically assumed to be fully protected 
from the lake’s potential overspill. 
Outlet Controversy 
Continuous rise of DL water levels and associated flooding damages forced 
concerned authorities to seek a solution: draining DL water into the Shyenne River. The 
US Federal government, through the U.S. Army Corps of Engineers (USACE), initiated a 
feasibility study for the outlet construction in 1997. In 1999, the state of North Dakota 
(ND) announced its own outlet project expressing its frustration over the USACE delayed 
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action and emphasizing the flood emergency. In 2002, the USACE released its 
recommendation for a construction of the federal outlet and invited both ND and the 
Canadian Province of Manitoba (MB) to participate in the process. Both parties (ND and 
MB) refused the federal outlet plan for several reasons. ND found the federal outlet plan 
expensive ($186.5 million vs. $28 million state outlet project) and complicated in terms of 
compliance with the federal Environmental Protection Agency regulations. Manitoba 
opposed both federal and ND outlet projects for two key reasons related to water quality 
and water diversion. Manitoba argued that the outlet project would release sulfur, mercury, 
other dangerous chemicals and invasive species to the downstream river system eventually 
degrading Lake Winnipeg’s ecology and economy. Manitoba also argued that draining DL 
water through an outlet was an inter-basin transfer and according to the 1977 International 
Joint Commission (IJC) report on the Garrison Diversion Unit (GDU), such a measure 
must not proceed “until [both the US and Canada] Governments agreed that methods had 
been proven that would eliminate the risk of biota and disease transfer or that those issues 
were no longer of concern” (IJC, 1977). GDU was a 1965 ND’s plan to transfer Missouri 
River water to irrigate drier eastern and central North Dakota (IJC, 1977). Manitoba 
demanded the inclusion of GDU into the IJC, fearing GDU rebirth to stabilize DL during 
lake level drop (Knox, 2004).  
Following the refusal to the USACE plan, North Dakota State Water Commission 
(ND SWC) proceeded the ND-outlet project with the approved ND Pollutant Discharges 
Elimination System (NDPDES) permit from the ND Department of Health. The permit 
allowed water discharge to the Sheyenne River, despite Manitoba’s environmental 
concerns. In response, the Manitoba Provincial government and a non-government 
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environmental organization, People to Save the Sheyenne, filed a lawsuit against the 
issuance of NDPDES permit to stop the outlet plan, but in June 2005 the case was decided 
in favor of the ND state government (Shalla, 2006). Immediately the Canadian government 
invited the US Government for an IJC reference on the ND state outlet project, with no 
effect.  Thereby, Manitoba started a diplomatic and advocacy campaign to pressure the US 
for the IJC reference on the ND outlet project. It garnered support from multiple US 
Senators, Representatives, and Governors (Minnesota, Ohio, Indiana, and Rhode Island), 
the Great Lakes Commission, tribal governments, and various non-governmental groups. 
This campaign was able to bring both Canada and North Dakota to present their cases in 
the White House Council on Environmental Quality (CEQ) meetings and finally negotiate 
on August 5, 2005 (hereafter: US-Canada 2005 DL Agreement) for a conditional outlet 
operation (Lamarre et al., 2005). As part of the negotiation process, CEQ facilitated a bio-
assessment of Devils Lake concluding there would be ‘no immediate threat of harmful 
biota transfer through the outlet.’ ND added a gravel filter in the outlet to prevent larger 
organisms from entering the downstream river system, and expressed ‘no current intention’ 
of diverting Missouri River water into DL. Key conditions in the negotiation included the 
construction of an advanced filtering system in the outlet in the future, collaborative work 
among ND, MB, MN and the International Red River Board (IRRB) for the scientific 
investigation and development of a shared risk management strategy for the entire Red 
River Basin (Paris, 2008).   
Mitigation Plan 
The decades long controversy over the DL flooding has resulted in a ‘three-pronged 
approach’ to alleviate and mitigate the DL flooding problem that includes (1) DL upper 
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basin water management, (2) local infrastructure protection, and (3) an outlet operation to 
the Sheyenne River (DLB Joint Water Resource Board, 2013). The goal of the upper basin 
water management is to protect and restore wetlands in the basin to enhance water storage 
capacity and create wildlife habitat. Nearly one-third (374 km2) of the estimated 1,200 km2 
of wetlands in the basin have been drained for agriculture in the past 100 years (West 
Consultants, 2001). With roughly 57 km2 of wetlands land already restored, approximately 
53 km2 of additional wetlands are proposed for future restoration. The local infrastructure 
protection is designed to protect people and properties from flooding through raising and 
repairing transport networks, building and upgrading levees, relocation, demolition, 
acquisitions and protection of existing structures.  
Finally, the DL outlet is designed to manage DL water levels and prevent potential 
overspill to the Shyenne River. The outlet operation, initially discontinued within a few 
days of operation due to water quality concerns, later resumed despite the unsuccessful 
court challenge (ND Supreme Court, 2008) with the raised sulfate discharge in the 
modified permit. Ever increasing flood problem in 2009 prompted a construction for a 
second outlet with higher pumping capacity of 9.0 m3/s. Currently, both outlets are under 
operation. However, any alteration in DL lake ecology and hydrology due to changing 
environment (climate change and land use modifications) and deviation from the US-
Canada 2005 DL Agreement could potentially exacerbate and/or ameliorate the ongoing 
mitigation effort.  
The issue of DL water management is very complex, multijurisdictional and 
multifaceted (Paris, 2008), posing a serious challenge to policymakers. Because of that 
some scholars argue that the outlet-based DL flood mitigation policy is a wicked policy 
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problem (Gruszczynski and Michaels, 2014). Rittel and Webber (1973) used the term 
‘wicked’ to refer to the policy problem that is malignant, vicious, tricky, and aggressive. A 
wicked problem is characterized as a unique problem engaging multiple stakeholders with 
varied knowledge levels, expectations, personal interests, values and ideologies resulting 
in conflicting/contradicting solutions. These solutions, believed to be never ‘true or false’ 
but only ‘good enough’ require an extended or virtually unbounded time period to appraise 
the consequences and evaluate their efficacy. Therefore they lack flexibility of ‘trial-and-
error’ making every solution significantly consequential. Reverting the previously made 
decision most probably invites another wicked problem (Rittel and Webber, 1973). The 
wickedness of the DL flooding issue can be explained in terms of the geomorphology of 
the DL basin (closed basin), the severity of the water level rise (nearly 10 m rise in two 
decades), associated mitigation costs (~ US $1.5 billion), the involvement of multiple 
federal, state, provincial, local, and tribal stakeholders (nearly five dozens reported), and 
negative consequences of implemented solutions (court cases, downstream flood and water 
quality issues due to outlet pumped water, Table 14).  
Existing inadequate legal tools, varied policy framing, political strategies and 
policies, social and cultural plurality, historical significance of place, scientific 
disagreement, diminishing trust among stakeholders, competing human values, and 
changing environmental conditions constitute wicked problems in the context of natural 
resources management (Nie, 2003). We use some of the drivers of conflicts as presented 
by Nie (2003) to facilitate our argument on how DL water management constitutes a 
wicked problem (Table 15). 
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Table 14. Factor contributing to classifying Devils Lake water management as a wicked 
problem. The indicators are adopted from Rittel and Webber, 1973. 
Indicator Description 
Ill-defined 
problem 
While initially DL flooding had been perceived as a local upper 
basin flooding problem, later it escalated into an international 
conflict over water quality and water diversion. 
Uniqueness of the 
problem 
The majority of conflicts are over scarcity of fresh water. DL is a 
salty lake, water cannot be used for drinking or irrigation; DL 
water rose by 10 which never happened in the recorded history. 
No stopping rule It is uncertain how long DL flooding will continue. 
No right or wrong 
solution & no 
given alternative 
solutions 
The appropriate solution varies among stakeholders and is 
influenced by different political, social and value systems. In 
current mitigation plan, the optimal pumping rate to avoid 
overspill and avoid water quality issues downstream is uncertain. 
One shot operation Outlets are already built and operated, any negative 
consequences, feared and unexpected, cannot be reversed. 
 
Initially DL water level rise was perceived as a short-term local flooding problem 
confined within the lake area and attempts for its mitigation (protection of people and 
properties through raising and repairing transport networks, building and upgrading levees, 
relocation, demolition, acquisitions etc.) were made accordingly. Later a continuous rise in 
water level elevated the concern and required new solutions (artificial outlets) with far 
reaching consequences involving over 40 fragmented stakeholders in the US and Canada 
(US federal government, ND and MN state governments, 10 federal agencies, a Tribal 
Reservation, 21 counties, 3 major cities, the Government of Canada, Manitoba provincial 
government, and several other NGOs and interest groups). ND framed its outlet project as 
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a necessary solution for the protection of people and resources in DL basin, while MB, on 
the other hand, framed it as a water diversion, invasive species transfer and water quality 
issue (subject to BWT) leading to court cases. The currently implemented outlet-based 
mitigation measure seems to have lessened the tension temporarily but other implications 
(need for multi-million dollar water treatment projects in downstream cities, unconfirmed 
biota transfer issue, potential uncontrolled natural overspill, etc.) and the uncertain climate 
change risks could potentially renew the problem with consequences worse than before. 
Table 15. Drivers of conflict in Devils Lake water management making it a wicked problem 
using drivers of conflict (Nie, 2003). 
Drivers Description 
Framing DL flooding as a local problem; ND outlet as a solution; outlet as 
a source of pollution and invasive species for downstream water; 
outlet as a water diversion scheme 
Policy design Incremental raising of roads and levees, outlet pumping capacity; 
water quality standards; August 2005 agreement 
Policy repercussion Court case; need for water treatment plant upgrade 
Scientific disagreement Invasive species; water pollution standards; climate change 
Politics Electoral politics; refusal of both the US and Canadian 
governments on IJC reference. 
Legal framework BWT, IJC, Federal vs. State environmental regulations; court 
cases 
Interest group strategy Advocacy campaigns 
Distrust Lack of trust between ND, MN, and MB 
Cultural, socio-economic 
& spiritual Values 
Spirit Lake Tribe; lake tourism in DL and Lake Winnipeg 
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Green Paradiplomacy for Wicked Environmental Problems 
DL flood mitigation plan and the current relationship between ND and MB is 
hinged upon the US-Canada 2005 DL Agreement under three major conditions: (1) 
implementation of advanced filtration and/or disinfection system in the outlet, (2) 
collaboration among all parties (ND, MN, and MB) with the International Red River Board 
(IRRB) to develop a shared risk management strategy for the entire Red River Basin, and 
(3) no diversion of Missouri River water into the Devils Lake. The first condition has two 
major goals: to prevent transfer of invasive species from DL to downstream water, and to 
comply with the downstream water quality requirements. The second condition warrants 
the implementation of the first condition through regular monitoring and testing of water 
quality and quantity at several locations along the Sheyenne River and Red River (IRRB, 
2015).  The third condition is critical to the longevity of the 2005 agreement and any future 
water diversion to DL can potentially backtrack the decades-long progress and escalate the 
tension.  
Although finding an optimal solution is virtually impossible (Balint et al., 2011), 
wicked problems can be managed through non-traditional problem solving methods and 
outside-the-box solutions that include multidisciplinary understanding of the problem, 
collaborative stakeholder mechanisms, effective communication, and consideration of 
uncertainties (Churchman, 1967; Conklin, 2006; Van Bueren et al., 2003; Palmer et al., 
2007; Weber and Khademian, 2008; Lazarus, 2009). In the case of DL, the wickedness of 
the problem is further complicated by the transboundary nature of the issue requiring 
involvement of stakeholders from two different countries (US and Canada) and compliance 
with the existing laws and treaties. Many scholars and experts argue that solving DL issue 
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has already exhausted currently available and applicable legal tools, international water 
laws, and policy framework and therefore requires a new collaborative policy framework 
(Flanders, 2006; Ma et al., 2011). Given the success of subnational governments in 
managing ecological issues through cooperation projects in North America and elsewhere 
all while improving bilateral relations (Chaloux, 2010), we suggest that DL issue can be 
managed effectively and sustainably through green paradiplomacy. 
Method 
Survey Design and Participants 
The purpose of our study was to understand how different stakeholders are engaged 
and/or have plans to deal with the issues of DL flooding in light of changing environmental 
conditions (i.e. climate change and land use). We designed semi-structured survey 
questions to assess (1) the status of DL flood management, (2) the engagement level of 
stakeholders, (3) preparedness for future challenges related to climate change, (4) how 
stakeholders talk about different flood management alternatives, and (5) the status of 
broader collaboration in resolving the issue and preventing future legal disputes. The 
survey questionnaire included six major questions and ten sub-questions as follow up 
depending upon interviewees’ responses. (Appendix B).  
Survey participants were selected to involve water management professionals and 
stakeholders from different political jurisdictions in the DL watershed region. We 
identified potential individuals and organizations for interviews based on their association 
with DL flooding and its impacts on the Red River Basin as found in past reports, journal 
publications, news articles, and current or former membership on regional/local boards and 
organizations.  In terms of geographical boundary, the selected parties come from the states 
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of North Dakota, Minnesota, and the Canadian Province of Manitoba. Participants 
represent local, state, provincial, and federal governments and non-governmental 
organizations; respondents’ roles include mayor, commissioner, director, president, board 
member, and manager.  Invitees were contacted via e-mail and given two options for 
participation: phone interview and/or written response to survey questions. This mixed-
method approach was chosen in order to reach a greater number of stakeholders and allow 
as much participation as possible; we did not want to assume that all stakeholders would 
have easy access to e-mail, nor limit participation of those who might feel they did not have 
time for a telephone appointment. Survey questions were supplied to participants via email 
giving them ample time and opportunity to answer or skip any questions of their choice. 
The estimated time for telephone interviews was half an hour with follow up discussion if 
needed. The research method and survey questionnaire were approved by the Institutional 
Review Board at the University of North Dakota. Confidentially requirement precludes us 
from revealing participants identity. 
Survey Result 
We sent invitations to 70 individuals who represent multiple organizations involved 
in DL and other environmental related issues in the region. Of the 30 responses we 
received, only 18 respondents participated in the survey: ten written answers, and eight 
phone interviews. Those 12 invitees who declined to participate in the survey indicated 
they felt a lack of knowledge on the DL flooding issue. Responses of participants were 
categorized into seven major themes using manual content analysis; significant and 
relevant highlights from each theme are summarized below. 
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Frequency of meetings: Interviewees indicate that several institutions and individuals 
arrange and participate in meetings at different time intervals (Table 16). Discussion about 
DL depends on meeting agendas. Compared to the 2005–2010 period, the inclusion of DL 
in meeting agendas has decreased substantially in recent years. Stakeholders within DL 
watershed generally believe that important issues pertaining to DL flooding (e.g. outlet 
operation) are resolved. In terms of participation, only parties that are directly affected by 
the flooding (e.g. the land owners in close proximity to DL) come to the meetings. 
Canadian participation is very low. Some of the interviewees indicate that people with 
dissimilar opinions are not welcome at the meetings and their viewpoints are ignored.  
Table 16. Local organizations that hold regular meetings on water management issues in 
the RRB including DL, based on survey results. 
Organizations Meeting Frequency, months 
International Red River Board 6 
Devils Lake Executive Committee 6, (face to face alternating with over the 
phone) 
Devils Lake Advisory Committee 6 
Red River Basin Commission 3 
Upper Sheyenne Joint Board 3 
Devils Lake Basin Joint Water Resource 
Board 
1 
Individual districts within Devils Lake 
watershed 
1 (usually) 
Devils Lake Outlet Management/oversight 
Committee 
12 
Red River Joint Water Resource District 
(RRJWRD) 
3 
North Dakota State Water Commission As needed 
 
Meeting goals/objectives: Most of the respondents indicate that lowering DL water level 
is the major goal of the meetings while other issues related to downstream water quality, 
infrastructure protection are also discussed. Some interviewees assert that the goal is one-
sided, it is only concerned about draining DL water to the Shyenne River without proper 
mitigation strategy for the downstream communities. Most of the meetings are designed to 
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inform about the facts and aftermath of the flooding to the government agencies rather than 
devising solutions. 
Existence of an umbrella institution: A majority of the interviewees identify more than one 
institution as an umbrella. These include: Red River Basin Commission (RRBC), ND State 
Water Commission (ND SWC), DL Advisory Committee (DLAC), and the International 
Red River Board (IRRB). Some interviewees assert that these institutions reject substantive 
collaboration with other parties that have different opinions and solutions to the problem. 
A majority of the interviewees indicate that ND SWC and RRBC are the major 
organizations dealing with the DL issue. Some argue that ND SWC has attempted to take 
a lead but failed to garner enough trust and credibility especially from downstream 
stakeholders. Virtually all interviewees say that there is a need for an institution with 
decision making and legislative power. 
Inclusion of DL watershed into the RRB flood mitigation plan: Eleven respondents say that 
both RRBC and the ND SWC have flood mitigation plans that include DL watershed. 
Others indicate that the flood mitigation plans are mostly focused on DL watershed without 
considering flood risks of DL drained water to downstream communities, and there should 
be a more comprehensive flood mitigation plan for the entire Red River Basin, to include 
DL. 
Climate change: Only six respondents indicate that there has been discussion on the 
potential effect of climate change on the Red River Basin including DL. 12 responders say 
that there are no formal conversations about how climate change might impact DL and 
downstream flooding. They say that the current outlet plan is based on the recent trend in 
precipitation, which is believed to be the natural climatic variability in the region. At the 
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same time, these responders express that people in this region have witnessed extreme 
drought and wet climate and don’t connect these events to anthropogenic climate change. 
Most of the responses indicate that the topic of climate change does not get enough 
attention in the meetings but should be included to reflect the current reality. 
Land use change: All participants except three say that the role of land use management 
has been discussed as part of the flood mitigation plan. Most of these discussions, however, 
are geared towards restoration of wetlands, compensation for flooded lands, the US 
Department of Agriculture’s Conservation Reserve Program, and wildlife conservation 
rather than reducing upper basin inflow to DL. Respondents indicate that most of the 
regional farmers don’t like the idea of restoring drained wetlands as they might lose their 
productive farm land. One interviewee points out that the higher financial subsidies for 
traditional crops is preventing wetland restoration.  
Need for mutual collaboration: All participants indicate the need for and importance of 
mutual collaboration among all the stakeholders to resolve the water management issue in 
Red River Basin including DL watershed. The majority of respondents appreciate the role 
of RRBC in dealing with the issue, but they assert that RRBC in its current form is more 
of a discussion venue than a decision making authority. 
Discussion 
After two decades of conflicts, negotiations, over a billion dollar in expenses, and 
muddling through different layers of governments and lobbying, is DL dispute still a 
wicked problem? This is one of the fundamental questions that continues to shape regional 
water management policy and transboundary relationship in the Red River Basin valley. 
Survey participants indicate mixed reactions towards the performance of the current DL 
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flood mitigation management. While some praise the success of outlets in mitigating DL 
rising water, others seem concerned about downstream flooding and water quality due to 
outlets. Currently, outlets seem to be operating with no major new 
opposition/confrontation. However, the success of this outlet-based flood mitigation 
depends on previously agreed conditions that are vulnerable to future developments related 
to climatic, institutional, political and policy, and scientific uncertainties; thereby a new 
framework that fosters multi-actor, multi-scale consultation and collaboration- a green 
paradiplomacy -would provide a path to long-term management of this wicked problem. 
The frequency and intensity of the meetings among the stakeholders pertaining to 
DL are reported to have slowed down for the last five years and the current mitigation 
measures are running without major oppositions. But, it is premature to assume that DL 
dispute is settled. Rather, it appears to have been tamed with ongoing mitigation measures, 
pending the full appraisal of consequences. In our survey, none of the participants raise the 
concern of invasive species transfer through DL outlets, even though this was the major 
legal issue brought to the ND Supreme Court in 2005. The scientific report (Bensley et al., 
2011) indicating very low/negligible threat of DL species, except for the ones that lack data 
for verification, to downstream fisheries, as concluded by eight experts (four each from the 
US and Canada) might have eliminated/moderated invasive species fear among the 
downstream stakeholders. However, the report, which also indicates inconclusive risks on 
some of the species due to the lack of data, leaves a room for future opposition and 
necessitates a continuous monitoring. Another condition pertaining to water quality, sulfur 
discharge, is found to be of major concern as indicated by the survey participants. 
Monitoring sulfur for its compliance with the agreement is crucial for outlet operation and 
 84 
 
flood mitigation. In the last five years, outlet operations were halted or slowed down 
several times due to sulfur discharge constraints (ND SWC, 2015) and yet it required 
expensive water treatment plant upgrades in many downstream cities (Haley, 2014). The 
SWC intends to continue to remove flood water from DL to the best of its ability (Mike S. 
Noone, personal communication, April 08, 2015). DL at its current high level forces full 
capacity outlet operation to abate flooding; consequently releases more chemicals and 
water into the already stressed downstream flow leading to potential confrontations.  
Current mitigation plan is mainly focused on removing flood water from DL while 
adhering with the challenge of water quality constraints downstream. Does it consider the 
risk of other stressors such as climate change and land use modification with unknown and 
uncertain consequences? Our survey result indicates that climate change discussion among 
the regional stakeholders is very limited: all participants express that climate change in this 
region is perceived as natural rather than anthropogenically induced. This climate change 
perception among public and stakeholders perhaps weakens RRB’s preparedness on 
potential climate risks insurrecting DL conflict in the future. Management of water 
resources under changing climate is critical and requires careful mitigation strategy. Will 
DL outlet operation, the most controversial and yet the primary flood mitigation strategy, 
withstand risks of climate change? One study that investigated the DL overspill risks under 
multiple climate model projections suggests that the currently installed DL outlets are 
actually able to lower the lake water level and prevent potential overspill (Kharel and 
Kirilenko, 2015).  But, this study did not account for the downstream discharge constraints 
(legally allowable water pump rate and sulfate concentration) which could potentially 
prevent the full capacity schedule during times of peak flooding. Climate change impacts 
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on hydrology are often complex and nonlinear. Most of the contemporary treaties and 
agreements are not adequate enough to tackle climate related ramifications and therefore 
“climate proofing” is needed to reduce future political and environmental tensions (Cooley 
and Gleick, 2011). 
RRB is a highly productive agricultural landscape and therefore its management is 
crucial from both ecological and economic points of view. Land use management, 
according to the participants, is a frequently raised concern in the meetings and discussions. 
But these discussions are limited to compensation for flooded land (reactive) rather than 
preparation for future mitigation (proactive) in terms of reducing water flow and nutrient 
discharge. Many studies suggest that some of the hydrological impacts of climate change 
can be mitigated through land use management (Mao and Cherkauer, 2009; Van der Kamp 
et al., 2009). Over 90% of grasslands and wetlands in RRB including DL watershed are 
drained for agriculture (Ramankutty and Foley, 1999) bringing critical threats to 
biodiversity and ecosystem services (Wright and Wimberly, 2013). Restoration of wetlands 
and prairie along with the economically feasible mix of crops and management practices 
can regulate water quality and quantity discharge significantly (Van der Kamp, et al., 2009; 
Renton et al., 2015; Kharel et al., 2015). Given the reality of private ownership of RRB 
land, land use management targeted at flood management should be encouraged through 
basin-wide incentives program. 
Given the heterogeneity of RRB including DL watershed in terms of 
geomorphology and geography, utility, demography and cultural values, economic 
structure, governance and institutional capability, and response to changes in environment, 
they require different, and exceptional in some cases, management strategies. We argue 
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that watersheds that are managed considering a wide range of uncertainties, exceptions and 
extremes, and collaboration and cooperation yield greater benefits and less/negligible 
conflicts. The potential overspill risk of DL, which nearly dried up in 1940 and reached its 
maximum level in 2011, was overlooked until recently. We believe that the uniqueness of 
DL, in terms of its endorheic nature, sensitivity to environmental changes, extreme lake 
level fluctuations, and potential natural overspill releasing influx of flood water, sulfur, 
other harmful chemicals and biota to the downstream transboundary river systems, 
demands a comprehensive sustainable water management strategy that includes both RRB 
and DL watershed.  
  In response to our question about comprehensive flood mitigation plan, 11 survey 
respondents confirm the availability of flood mitigation reports from various institutions, 
especially RRBC and ND SWC.  But, they assert that the reports are mostly related to 
flooding and infrastructure protection within DL watershed rather than the downstream 
water quality effects of pumped water. Both RRBC and ND SWC are two mostly named 
institutions when asked to interviewees about the existence of umbrella intuition that 
collaborates stakeholders in handling DL situation. The structure and function of these two 
institutions are fundamentally different. RRBC is an international, not-for-profit water 
planning and management coordinating organization comprised of 41 board members 
representing different jurisdiction (state, provincial, and local) within the Red River Basin 
including North Dakota, Manitoba, Minnesota and South Dakota 
(http://www.redriverbasincommission.org). ND SWC on the other hand is a part of North 
Dakota government in charge of managing ND water resources (http://www.swc.nd.gov) 
including the management of DL outlets. Also, for ND SWC being a defendant in both 
 87 
 
2005 and 2008 DL outlet court cases puts it into a spotlight and therefore its actions are 
critical to the success of ongoing mitigation strategies.   
Another institution reported as an umbrella institution is International Red River 
Board (IRRB) which comprises of 18 board members (nine each from the US and Canada) 
and operates under the directive of International Joint Commission (IJC) of the BWT. The 
IRRB is mandated to monitor and report water management activities and issues of the 
governments (federal, state, provincial, municipal) and other agencies within RRB to the 
IJC. Its major duties include (1) determine compliance with agreed objectives, (2) provide 
consulting services to stakeholders about water management issues, (3) encourage agencies 
to plan for emergency preparedness and flood mitigation, (4) promote use and exchange of 
scientific research and tools for water management, and (5) interact with all levels of 
government and citizens (http://www.ijc.org/en_/irrb/International_Red_River_Board). 
Given the BTW mandated responsibilities IRRB serves as a medium between IJC and RRB 
stakeholders. Any conflicts that arise in the basin, for example DL outlet dispute, have to 
be referred to the IJC jointly for executing any action. Refusal by any one country delays 
the conflict resolution process, as evidenced in DL outlet between 1997 and 2005. 
Following the 1997 Red River flood, the IJC prepared a report identifying the causes and 
effects of the flood and recommending mitigation strategies to reduce/prevent harms from 
future events (IJC, 2000). This report projects repeat of similar events of larger intensity in 
the future with roles of climate and land use changes in the cause and alteration of risks. 
This comprehensive report (191 pages), however, has excluded DL basin, stating “non-
contributing”, in the RRB flood mitigation and management. 
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From the survey we find the establishment and involvement of multiple 
organizations to deal with water management issues in the RRB and DL watershed. The 
roles played by these institutions such as RRBC, IRRB, NDSWC demonstrate certain 
degree of achievement in identifying and addressing the regional water management 
problems through joint meetings, studies, communication, and cooperation. But, the 
isolation of DL watershed from RRB, exclusion of potential climate change risks and land 
use management options in the current mitigation strategies, and distrust among 
stakeholders may hinder the longevity of the ongoing efforts.  Therefore, we argue a new 
framework that fosters multi-actor, multi-scale consultation and collaboration- a green 
paradiplomacy -would benefit this wicked problem in the long term given the future 
challenges of uncertain environmental conditions. Some of the potential benefits of the 
proposed ‘green paradiplomacy’ framework for the sustainable management of DL 
watershed within the RRB include: 
1. Development of a common transboundary regulatory framework: It could 
create a regional body consisting of the governors and premiers of the states 
and provinces. It could establish rules, regulations, norms, values and 
exceptions for the management of the entire basin (basin-wide jurisdiction, for 
example: inclusion of DL watershed within the RRB). This framework could 
provide legal and moral guidelines, strengthen local governments’ capacity to 
address shared environmental problems locally, and help to expand cooperation 
between the governments (federal, state, provincial, local) in policymaking 
(Aldecoa, 1999; Boyd, 2011; Carlson, 2008; Soldatos, 1990). More importantly 
it could establish an enforceable dispute resolution process during emergencies. 
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2. Avoidance of court cases: Since decisions taken at local levels reflect the 
preferences of local citizens/actors and their actions (Hooghe and Marks, 2003; 
Jordan and Jeppesen, 2000; Scharpf, 1988), the resulting solution methods and 
their consequences could be uniting rather than conflicting. This feature of 
paradiplomacy is especially crucial for the management of wicked problems, 
which are prone to conflicts due to the implementation of non-consensus 
solution for poorly defined problems. If a plan doesn’t work, the responsibility 
is shared; if a plan is successful, benefits are shared as well. Necessary 
regulations could be passed faster and easier. It would reduce the “waiting time” 
during emergencies for federal governments to act and treaties to execute; by 
contrast the 2005 court case between ND and MB is argued to be a culmination 
of a diffused political system, and the inadequacies of existing domestic laws 
and international treaties such as the BWT and NAFTA (Hollis, 2007; Kempf, 
2007; Paris, 2008). 
3. Knowledge sharing: It could enhance the channels of communication between 
national, subnational, and international actors through a series of meetings, 
discussions, workshops, and campaigns across the regime. It could provide an 
opportunity for a combination of expertise and more collaborative research 
work to tackle bigger issues such as climate change impacts on the region.  
4. Increased citizen participation: It could encourage grass root initiatives and 
citizen participation, and help create an atmosphere where concerns and 
solution alternatives of all interested stakeholders are heard, analyzed, and 
scrutinized, which could contribute to trust building, which is essential for 
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defining wicked problems and devising  solutions (Balint et al., 2011). In 
contrast, the 2005 US–Canada DL Agreement is criticized for excluding public 
participation (Kempf, 2007). 
5. Adaptive and precautionary management and assessment of cumulative 
impacts: It could require the stakeholders to carefully, regularly, and 
scientifically monitor the quality and quantity of the basin water under different 
scenarios of uncertainties. 
The criticism that paradiplomacy may lead to erosion of sovereignty is irrelevant 
given the constitutional make up and history of paradiplomacy practices in the US and 
Canada. The exclusive power of the US federal government (US Constitution, Article 1, 
Sections 2 and 10) to establish treaties and international relations is based on the notion of 
displaying unified national position internationally (Farber, 2008; Rose, 2008). The Treaty 
Clause, the Compact Clause, the Foreign Commerce Clause and the foreign affairs pre-
emption doctrine limit the state and local governments in forging paradiplomacy (Farber, 
2008; Sovacool, 2008). In Canada, the provisions of the British North America Act of 
1867, and the constitution Act of 1982 (sections 91 and 92) although limit to some extent 
but do not specifically deny provincial paradiplomatic activities (Nossel, 1997). 
Decentralized federal structure of Canada gives substantial power to provinces over trade 
and economics (intra-provincial trade and natural resource management), environmental 
issues (regulation of pollution and hazardous wastes), social policies (health care and 
education), international concerns (implementation of treaty obligations related to 
provincial concerns) making all ten provinces engaged in paradiplomatic activities 
(Vengroff, 2004). A large number of bilateral agreements such as British Columbia and 
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Washington State (1992), Alberta and Montana (1985), Manitoba and Minnesota (1988), 
Ontario and New York (2001), Quebec and New York (2002), and New Brunswick and 
Maine (2004) (Abgrall, 2004) suggest a strong presence of paradiplomatic activities 
between the US and Canada with no threat to the sovereignty of these federal governments. 
The Great Lakes St. Lawrence River Basin Sustainable Water Resources Agreement 
reached by 8 US states and 2 Canadian provinces in 2005 demonstrates the successful 
implementation of paradiplomacy for the management of water resources under the 
existing legal contours. The similar agreement between the three US states (ND, MN, and 
SD) and one Canadian province (MB) is possible and can be effective in the sustainable 
management of the entire Red River Basin. 
Conclusion 
In this study, we present the history of the DL flood management dispute, conflict 
resolution process, current mitigation approaches and potential future challenges to 
highlight the role of green paradiplomacy in solving or at least taming wicked 
environmental problems that are often local in origin but multiscalar in consequences. 
Although multiple actors (states, province, counties, cities, watershed districts, and NGOs) 
and policy tools (BWT, US–Canada 2005 DL Agreement, etc.) are already involved in the 
management of RRB water resources, their current efforts exclude implications of 
important stressors such as climate change and land use modification. These stressors can 
either impede the ongoing cooperation or create a platform for the development of a new 
framework depending upon the choice pursued. Given the wicked nature of the DL issue 
with costly ecological, political and socio-economic consequences, we recommend that 
RRB stakeholders scrutinize all possible drivers of conflicts and solution sources, and 
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increase the scope of the current agreement by developing a green paradiplomacy 
framework. Agreements, made before climate and land use related problems emerge, may 
eliminate or at least tame the vicious cycle of wicked environmental problems. 
The BWT is a comprehensive binational treaty, however, its scope may not 
accommodate every hydrological basin along the US–Canada border. Therefore, additional 
tools should be developed to accommodate watersheds, characterized with unique and 
dynamic sets of ecological, hydrological, and socio-economic conditions. The concept of 
‘integrated water resource management’ is already in place in the region, named as the Red 
River Basin. The management of such integrated basins (e.g. RRB) is still based on 
historical context of climate and socio-economic dynamics. Integrating climate change into 
the watershed scale management can enhance the cooperative management. Given the 
wickedness of endorheic DL and its vulnerability to human and natural stressors, the 
decisions made at DL have ramifications (ecological, socio-economic, political and legal) 
along the Rivers of Sheyenne and Red connected to Lake Winnipeg in Manitoba  and most 
possibly the effects extend to the Hudson Bay system. Therefore, the management of the 
RRB should include extremes, exceptions and uncertainties. Partnership with regional 
research universities/centers for the development and understanding of different models 
can expand knowledge, and help find effective solutions.  
Green paradiplomacy, also called environmental paradiplomacy, emerged from the 
well-established theory of paradiplomacy, is a fairly new framework in terms of its 
implementation. There are no specific rules or steps to follow, and therefore inputs from 
every new case study can help in its morphism. In this study, using DL as a case study we 
demonstrate how wicked environmental problems, which are repetitive in nature with no 
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right or wrong solution, can be tackled using a green paradiplomacy framework. We 
believe that green paradiplomacy can transform the nature and scope of environmental 
conflicts into a long-term peaceful management through cooperation and negotiation. 
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CHAPTER V 
 
 SUMMARY AND RECOMMENDATIONS 
Summary 
Terminal lakes are impacted by regional changes in climate and land use. Devils 
Lake is a case in which a prolonged shift in the precipitation pattern resulted in a 10 m 
water level rise since 1991 costing nearly 1.5 billion US dollars in mitigation. DL, with a 
geologic history of overspill, is currently 2 m (as of July 2015) from an uncontrolled 
overspill to the nearby Sheyenne River, a tributary of the Red River that connects to Lake 
Winnipeg in Canada. The environmental, socio-economic and political impacts of the 
overspill event are huge: nearly half of the DL water empties into the Shyenne River at a 
rate of 340–453 m3/s (Larson, 2012) leading to downstream flooding, water quality 
degradation, and potential biota transfer to the downstream water resources in the Red 
River basin (U.S. Army Corps of Engineers, 2003). Water outlets, currently implemented 
to lower water levels and prevent future potential overspill, are operating under conditional 
US-Canada 2005 Agreement, environmental regulations, and stakeholder disagreement. 
Future changes in environmental conditions (e.g. climate, land use) and deviation from the 
US-Canada 2005 Agreement are critical to the overall success of the current mitigation 
efforts.    
A complex, multijurisdictional, multifaceted, and wicked nature of DL water 
management issue poses serious challenge to policymakers. The currently implemented 
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outlet-based mitigation measure seems to have lessened the tension temporarily but other 
implications (need for multi-million dollar water treatment projects in downstream cities, 
unconfirmed biota transfer issue, potential uncontrolled natural overspill, etc.) and the 
uncertain climate and land use change risks could potentially renew the problem with 
consequences worse than before. 
In this study, three important concerns related to DL water management are 
explored: (1) Are currently implemented outlets capable of mitigating potential risks posed 
by changing climate? (2) Can land use management practices mitigate the long-term flood 
risks under changing climate? (3) Does DL water management, under uncertain future 
environmental changes, demand a new cooperative policy framework to avoid future 
conflicts?  
To address these concerns, first of all, a hydrological model of DL watershed was 
developed using SWAT and then the model was calibrated and validated for scenario 
simulations. Second, future climate projections for DL region were generated using the 35-
member ensemble (15 GCMs and the IPCC-SRES-A1B, A2 and B1) and LARS-WG 
downscalar. Third, five flood mitigation scenarios were designed using a mix of outlet 
operation schedule and climate conditions. Fourth, four economically feasible land use 
alternatives in DL watershed were developed using crop price, management cost and 
financial incentive assumption. Fifth, DL hydrological model was run to estimate the 
effects of future climate conditions and land use alternatives on DL hydrology and overspill 
risks. Finally, a survey was conducted to (1) find out progress in DL flood management, 
(2) gauge the engagement level of stakeholders, (3) find out their preparedness for future 
challenges related to climate change, (4) find out how stakeholders talk about different 
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flood management alternatives, and (5) assess the status of broader collaboration in 
resolving the issue and preventing future legal disputes. A new conflict resolution approach 
– green paradiplomacy was discussed as a promising policy framework for the long-term 
management of the RRB including DL watershed. 
The findings of this research pertaining to each research questions are summarized 
below: 
Research Question 1. Are currently implemented outlets capable of mitigating potential 
risks posed by climate change? 
Climate projections indicate overall rise in precipitation (2.7–3.4%) and temperature (0.4–
4.0°C) in DL region for the next few decades resulting into 7.3–20.0% risk of DL overspill 
into the Sheyenne River in the absence of outlets. Some members of the GCM integration 
ensemble suggest an exceedance probability of over 85.0% and 95.0% for the 2020s and 
2050s climate, respectively. Flood mitigation scenario with assumed full-capacity outlets 
(17.0 m3/s) radically reduces the probability of DL overspill and is able to partially mitigate 
the problem by decreasing the average lake level by approximately 1.9 m and 1.5 m in the 
2020s and 2050s, respectively.  
Research Question 2. Can land use management practices mitigate the long-term flood 
risks under changing climate? 
While previous studies generally attribute the changes in hydrology of DL to the current 
wet spell, the impacts of land use changes have not been investigated. In this study, four 
economically feasible land use alternatives in DL watershed are developed to investigate 
their effects on DL hydrology and overspill probability under both historic and changed 
climate. Land use scenarios under 2020s GCM projections indicate a higher overspill risk 
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(5.0–21.1%) vs. 0–2% under historical climate. Land use practices aimed at maximization 
of crop yield actually increase flood risks. Land use scenarios maximizing the grassland 
conservation and alfalfa production are found to lower hydrological implications on DL 
through significant reduction in surface runoff and overspill probabilities. Therefore, 
policies promoting grassland conservation and alfalfa production should be encouraged for 
the long-term management of DL flooding, reducing the need for the existing outlet based 
flood mitigation.  
Research Question 3. Does DL water management, under uncertain future environmental 
changes, demand a new cooperative policy framework to avoid future conflicts? 
The simulation results suggest that DL overspill can be prevented with the current full 
capacity outlets. But given the environmental and water quality regulations currently in 
place, it is highly unlikely that the full capacity outlets can be operated. It can be speculated 
that the future climate pattern of the Sheyenne River basin, given its proximity to DL, 
would resemble that of DL watershed. As a result, the Sheyenne River discharge is 
expected to increase due to climate change. It is important to note that the legally allowable 
combined DL outlet and Sheyenne River discharge should not exceed 22.6 m3/s. Further, 
the implication of land use pattern on the hydrology of both DL and Sheyenne River basins 
can alter flood mitigation strategies. In the lack of incentives for grass and alfalfa, farmers 
are more likely to pursue corn-soybean intensive farming resulting into increased 
discharge.  
Although multiple actors (state, province, counties, cities, watershed districts, and 
NGOs) and tools (BWT, US–Canada 2005 Agreement, etc.) are already involved in the 
management of RRB water resources, their current efforts exclude important stressors such 
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as climate change and land use modification. These stressors can either setback the ongoing 
cooperation or create a platform for the development of a new framework depending upon 
the choice pursued. Therefore, the efficacy of the currently pursued outlet based mitigation 
strategy is still questionable.  
The survey of the regional stakeholders indicated concerns about a lack of climate 
change understanding, dominance of private land ownership, inadequate land conservation 
funding, and the absence of one ‘go-to’ organization with legislative power, which suggest 
that DL dispute under aggravated environmental conditions will escalate further. Given the 
wickedness of endorheic DL and its vulnerability to human and natural stressors, the 
decisions made at DL have ramifications (ecological, socio-economic, political and legal) 
along the Rivers of Sheyenne and Red connected to Lake Winnipeg in Manitoba and most 
possibly the effects extend to the Hudson Bay system and demand a broader collaborative 
effort- green paradiplomacy for a long-term management. 
Limitations 
This research has some limitations related to modelling and scenario assumptions. 
Limitation inherent to the current version of SWAT precludes us from modeling water 
potholes, frequent in the Northern Great Plains where they form depressional wetlands. 
Further, the reservoir module in SWAT has a limited utility, e.g., only one reservoir can be 
included into a sub-basin and can have only one outlet. These limitations oversimplify 
hydrology of the region and restrict the set of scenarios. The model does not include sulfur, 
which limits its utility for water quality simulation. Crop rotation and farm management 
practices, reported to have varying economic, ecological and hydrological consequences, 
are excluded in model simulations. This study assumes no till practice for all the crops 
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throughout the simulation period. Model verification is supported with streamflow data 
only excluding sediment due to the lack of observed data in the watershed. The four land 
use alternatives developed for model simulations are based on projected crop price for corn, 
soybean and spring wheat and incentives for grass and alfalfa. Prices of other crops are 
kept the same as the baseline. Only one type of grass, big-bluestem, and its associated 
parameters in the SWAT plant database, is used to represent grassland. 
Recommendations  
Any future work on DL and other watersheds within the Red River Basin is recommended 
to incorporate the abovementioned limitations. A list of recommendation is provided 
below: 
 Model selection/improvement: Although SWAT is popularly used to simulate 
the effects of changes in climate and land use in hundreds of watersheds across 
the globe, it can be improved significantly by addressing the abovementioned 
limitations related to modelling of potholes, reservoir, and sulfur. Modelling 
of potholes to quantify water storage in the upper basin and the consequent 
delay/reduction of surface runoff to DL is recommended. The amount of sulfur 
discharged to the Sheyenne River is crucial for the efficacy of the currently 
implement outlet based mitigation. A hydrological model that has capability to 
model sulfur is recommended in the future research.  
 Climate change: Climate projections used in this study are based on the 
Coupled Model Intercomparison Project (CMIP-3) IPCC SRES-A1B, A2, and 
B1. It is recommended that the newly released CMIP-5 integrations that 
employ a new representative concentration pathways set of scenarios be used 
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in future research to evaluate their effects on DL hydrology. Other climatic 
variables such as solar radiation, wind, and relative humidity are not accounted 
for in this research. These climatic variables can have effect on 
evapotranspiration in the watershed leading to alteration in hydrologic 
processes and the lake levels. 
 Land use: A simple economic model was used to generate four economically 
feasible land use alternatives to estimate the associated impacts on DL 
hydrology and overspill risks. More land use alternatives along with crop 
rotation and different agricultural management practices (e.g. till, no till, 
reduced till etc.) could result in different outcomes than presented here in this 
research. 
 Policy:  DL overspill, fueled by uncertain timing and causality, has huge 
environmental, political, and socio-economic impacts. The success of current 
mitigation measures depends on previously agreed conditions that are 
vulnerable to future developments related to climatic, institutional, political 
and policy, and scientific uncertainties. Mitigation strategies should be built to 
account for these uncertainties. For this, policy makers and stakeholders in the 
region are recommended to scrutinize all uncertainties, possible drivers of 
conflicts and solution sources, and increase the scope of current mitigation 
strategies through a broader cooperation. This research proposes green 
paradiplomacy as a possible policy framework for the long-term management 
of DL. Future research could explore the ways of implementing green 
paradiplomacy framework in the region.
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Appendix A 
SWAT parameters sensitive to DL model and their calibrated values 
 
Table 17. Sensitive model parameters and their calibrated values 
Parameters File 
type 
Description Calibrated values 
SFTMT .bsn Snowfall temperature (°C) 0.58 
SMTMP .bsn Snowmelt base temperature 
(°C) 
1.28 
SMFMX .bsn Snowmelt factor on June 21 
(mm H2O/°C-day) 
5.5 
SMFMN .bsn Snowmelt factor on December 
21(mm H2O/°C-day) 
2.25 
TIMP .bsn Snowpack temperature lag 
factor (unit less) 
0.33 
SNOCOVMX .bsn Snowpack water content at 
which coverage is 100% 
(mmH2O) 
14 
SURLAG .bsn Surface runoff lag coefficient 
(unit less) 
0.93 
CN2 .mgt Runoff curve number for soil 
moisture condition 2 (unit 
less) 
93% of default values 
ALPHA_BF .gw Baseflow recession constant 
(days) 
0.37 
GW_DELAY .gw Groundwater delay time 
(days) 
131 
ESCO .hru Soil evaporation 
compensation factor (unit 
less) 
0.33 
EPCO .hru Plant uptake compensation 
factor (unit less) 
0.71 
CH_N2 .rte Main channel Manning’s N 
(unit less) 
0.058 
APLHA_BNK .rte Bank storage recession 
constant (days) 
0.46 
CH_N1 .sub Tributary channel Manning’s 
N (unit less) 
0.047 
EVRSV .rsv Lake evaporation coefficient 
(unit less) 
0.78 
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Appendix B 
Survey questionnaire 
 
1. Within your experience, do parties that have interests on Devils Lake (DL) flooding 
meet frequently to address the current issue?  
a. If yes, how often have they met (for example, twice a year)? 
b. Have they set any goals? 
c. What is the primary goal of such meetings? 
d. Have any of the goals been met so far? 
2. Are you aware of any umbrella institution that collaborates with all the interested 
parties to handle the DL flooding issue?   
a. If yes, what is its name and how effective is the function of such institution 
in resolving issue? 
b. If no, do you think there should be such institution to address the problem 
effectively? 
3. Do you know of any plan or discussion that includes DL within flood mitigation 
planning for the Red River Basin (RRB)?  
a. If yes, would you be able to explain more about the plan/discussion? 
b. If no, do you think including DL basin as part of the RRB flood management 
plan would be beneficial? 
4. Has there been any conversation at your organization or in the meetings you 
attended about how climate change might affect DL flooding and consequently to 
the RRB?  
a. If yes, would you please elaborate on any plans that have been developed? 
b. If no, why do you think climate change has not been considered? 
5. Has there been any conversation (with private land owners, USDA etc.) at your 
organization about how land use management might address DL flooding?  
6. Do you think mutual collaboration among the stakeholders within the RRB could 
be effective in dealing with the DL flooding and associated impacts now or to plan 
for the future? 
Comment:     Would you like to make any comments or suggestions on the DL flooding 
issue, climate change/land use change, and the overall management of Red River Basin? 
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